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Seismic Velocity Structure and Microearthquake Source 

erties at The Geysers, California, Geothermal Area 

. Daniel Robert 0 'Connell 

ABSTRACT 

The method of progressive hypocenter-velocity inversion has been extended to incorporate 

S w a m  arrival time data and to estimate Swave velocities in addition to P-wave velocities. 

Synthetic tests demonstrate that the joint use of P and %wave arrival time data has the follow- 

ing advantages over the use of P-wave data alone: (1) P-wave velocity and slowness gradient 

structure are more accurately estimated; (2) hypocenter mislocation errors arc substantially 

reduced, especially hypocentral depth; 13) convergence of progressive inversions to local minima 

is more detectable using RMS data misfits of P and Swave data; (4) velocity model and h y p  

center utimates are more accurately determined when station corrections an used; (5) emrs in 

linearized resolution and error estimated are reduced; and (6) complete elastic properties are 

estimated providing greater constraints for geologic interpretation of velocity structure. Adding 

S-wave data to progressive inversion does not completely eliminate hypocenter-velocity 

tradeofb, but they are substantially reduced. 

Resuits of a P and Swave progressive hypocenter-velocity inversion at The Geysers show 

that the top of the steam mervoir is clearly defined by a large decrease of Vp/V, at the conden- 

sation zonc-production zone contact. T h e  depth interval of maximum steam production coin- 

cides with minimum observed Vp/V,, and Vp/V, increases below the shallow primary production 

zone suggesting that reservoir rock becomes more fluid saturated. 



2 

The- moment tensor inversion method was applied to three microearthquakes at The 

Geysers. Estimated principal stress orientations were comparable to those estimated using P- 

wave b t  motions as constraints. Well constrained principal stress orientations were obtained 

for one event for which the 17 P-6rst motions could not distinguish between normal-slip and 

strikoslip mechaaisms. The moment tensor estimates of principal stress orientations were 

obtained using far fewer stations than required for &stmotion focal mechartiism solutions. The 

three: focal plechanisms;obtained here support. therhypothesis that focal mechanisms are a func- 

tion of depth at The Geysers. 

Progressive inversion as developed here and the moment tensor inversion method provide 

a complete approach for determining earthquake locations, P and S-wave velocity structure, and 

earthquake source mechanisms. 

c 
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. _  Chapter 1 

A wealth of information about geologic structure and ongoing tectonic processes arc con- 

r tained in seismic recordings of microearthquakes. Microearthquake locations can delineated the r: 

positions of active faults, microearthquake source mechanisms constrain the type and orienta- 

tion of faulting, and estimates of seismic velocity structure provide information about geologic 

structure. Estimation of P and Swave velocity structure provide strong constraints on material 

properties of geologic structures. 

The problems of estimating microearthquake locations, source mechanisms, and seismic 

velocity structure are coupled. In order to estimate seismic aource properties, accurate estimates 

of earthquake locations and material properties are-required to calculate the complete medium 

response (Gnen functions) between sources and receivers. Accurate estimates .of earthquake 

location require that the assumed seismic velocity structure is close to the. truth. A recently 

developed approach to solving the coupled. hypocenter-velocity inversion problem in the context 

of local earthquake data is progressive inversion. Pavliis and Booker (1980) and Pavlis (1982) 

developed the method of progressive inversion to locate earthquakes and estimate seismic velo- 

city structure which explicitly accounts for the coupling between earthquake locations and 

sssumed velocitx structure. Progre d tested for the case of P- 

e data only. Since c properties of a 

hat S w a m  velocity of progressive inversion is 

extended to include S-wave arriv 

Progressive inversion requires a linearization of a nonlinear problem. Pavlis and Booker 

(1983) conducted synthetic tests to determine the significance of nonliiearities on the problem of 

estimating seismic velocity structure. In Chapter 3, synthetic tests of progressive inversion are 

done to determine the effects of adding Swave information to the problem. The effects of errors 

in starting velocity models on estimates of hypocenters, station corrections, and velocity 

*c 
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structure are also investigated. 

A long standing question is whether The Geysers geothermal field has a distinctive seismic 

signature. The results of Majer and McEvilly (1979) and Majer et al. (1980) suggest that the 

ratio of P-wave velocity to Swave velocity, Vp/Vg, may be anomalously low at The Geysers. In 

Chapter 4 a progressive inversion with P and Swave arrival time data from microearthquakes 

there-is done- to determine .microearthquake locations, P and Swave velocity structure, and 

VJV, at The-Geysers: Estimated microearthquake &locations, and Vp/V, are .compared to the 

locations of zones of steam production.. 

Studies of microearthquake source mechanisms have traditionally relied on P-wave h t  

motion methods to constrain focal mechanisms and principal stress orientations associated with 

earthquake sources. These approaches require a large number of P-wave tint motions to have 

the potential to constrain seismic source mechanisms. Oppenheimer (1988) found that P-wave 

Erst *motion-focal mechanism estimates at The -Geysers were -highly ambiguous for many earth- 

quakes even though numerous P-wave h t  motions-were available for all events considered. 

The moment tensorinversion approach developed by*Stump and Johnson (1977) provides an 

alternatiwe. means to characterize-seismic source mechanisms with a,.smaller number of data. 

Their method has not been previously used to estimate seismic moment tensors of microearth- 

quakes. 

Results of a progressive inversion, as developed in Chapter 2 and as applied to The 

Geysers in Chapter 4, provide the information required for reliably estimating seismic source 

properties; progressive inversion results can be used to generate the best estimate of Green func- 

tions. In Chapter 5, Stump and Johnson’s (1977) method is used in conjunction with the pm- 

grcssive inversion-results of Chapter.4, to estimate aeismic moment tensors*for three microearth- 

quakes at The Geysers. The results are compared to those obtained using a P-wave first motion 

approach. 

In addition to providing insights into geologic processes at The Geysers, this dissertation is 

intended to provide a complete approach for the utilization of threc-component seismic 
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recordings of microearthquakes. Taken together, the method of progressive inversion developed 

in Chapter 2 using P and Swave data, and Stump and Johnson's (1977) method of moment 

inversion, provide a comprehensive spproach to utilize microearthquake data such that the most 

complete and accurate information is obtained microearthquake locations, P and Swave velo- 

city structure, and seismic source properties. This information in turn provides powerful con- 

straints on ongoing tectonic processes and on material properties of geologic structures. 
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Chapter 2 

Progressive Inversion with S-waves 

2.1. Introduction 

Two of the .oldest outstanding *problems +in. seismology are determining the-hypocenter of 

an earthquake from seismic arrival-time data and determining seismic velocity structure from 

seismic arrivd-time data. Often, these problems have been considered separately. It is clear 

however, that they are in fact coupled. Determination of an earthquake hypocenter from 

arrival-time data requires knowledge of seismic velocity structure. Much of the Earth’s velocity 

structure has been deduced using earthquakes 1u.sources. It is advantageous to solve these two 

problems together in a.systematic approach. A recently developed approach to solving the cou- 

pled hypocenter-velocity problem in the context of local earthquake data is progressive inver 

’ .  

sion. 

Progressive invenion is an approach developed by Pavlii and Booker, (1980) and Pavlis 

(1982) to determine hypocentral parameters, station corrections, and velocity structure using 

local event arrival times. The goals of progressive inversion are to improve hypocenter determi- 

nation and to estimate velocity structure. The method was developed and tested using P-wave 

arrival time data:oniy (Pavlia and Booker, 1980, Pavlis, 1982j and Pavlis and Booker,,1983a). 

The - g d  of this Chapter is-*to outline -how-to extend the- method of progressive -inversion, to 

inc1udeSwave arrival-time data In Chapter 3, the effects of adding %wave data-h progressive 

inversion will be investigated using synthetic data. 

There are several reasons to utiliie Swave information. Information contained in Swave 

arrival-time data can help provide better constraints on event origin time and depth than P- 

wave data alone. In some cases, Swave data will also help stabilize the process of progressive 

inversion+for -hypocenters and velocity -structure. Thus; Swave- data can constitute a-valuable. 



5 

addition to the joint problem of determining hypocenters and velocity structure. 

Knowledge of Svelocities when combined with P-velocities provides tighter constraints on 

rock properties than does P-velocities alone. P-wave velocity, Vi, can be correlated with vari- 

ous rock types. But, interpretation of V, in terms rock type can be highly ambiguous. In con- 

trast, the ratio of P-velocity to %velocity, V,/V,, has been found to help discriminate lithologies 

(Tatham, 1982). Also, V,/V, has been found to correlate with fracture density (Moos and 

Zoback, 1983), can be diagnostic of porosity variations (Domenico, 1984), and is sensitive to 

fluid and gas concentration (Tatham and Stoffa, 1976). 

Another reason to use Sarrival time data is that Swaveforms contain information about 

the seismic source. One means of extracting seismic source properties is to use three-component 

waveform data in a moment tensor inversion (Stump .nd Johnson, 1977). However, in order to 

use thret-eomponcnt data to obtain moment tensor solutions, P and S-velocity structure is 

needed to calculate complete Green functions. Progressive inversion which includes S-arrival- 

time data provides a meam to estimate both the P and S-velocity models required to calculate 

Green functions. 

To summarizei motivatiolw for including %wave data are-to improve hypocenter and vel- 

city determination, obtain better constraints on rock properties, and to facilitate calculation of 

Green functions for moment tensor inventions. In this Chapter we outline how to extend the 

method of progressive inversion fo include Suave  data. We begin with a review of the problem 

of earthquake location. Next, we will review progressive inversion as developed by Pavl i  and 

Booker-j1980), Pavlis (l982), and Pavlis and Booker (1983a). Then extensions and modifications 

to. include Swave .data wilI be presented. Some aspects of our development differ from those of 

Pavlh and Booker.. These differences will be pointed out and explained. Discussion of practical 

problems such BJ determination of S-wave arrival times is deferred to Chapter 4 which deals 

with red data. 

- 

6 
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I 2.2. SiigleEvenC*Location 

Determination of earthquake location from seismic-wave arrival time data is, in general, a 

nonlinear problem. The problem can be stated as follows; we wish to minimize the objective 

function F (x) given by 

F ( x )  - rTr (2.1) 

where x is the space-time vector of dimension 5 4  which describes a point seismic source, and 

rf = T ’ b ” ~ e “ ( ~ )  is the residual vector of observed %minus calculated travel times for i -1, m 

readings. The most common approach to the solution of (2.1) is Geiger’s (1910) method of itera- 

tive least squares. Applying Geiger’s method to local earthquakes requires a Taylor expansion 

of (2.1) about an initial estimate, q, which gives 

F(3 + k) = F ( q )  + gTsX + +t5xTH6z + - * * (2.2) 

where-bw are the adjustments ta the initial hypocenter, g is the gradient vectar of F(q), and H‘ 

is the Hessian*matrix of F (a). 

In Geiger’s method, only h t  order terms in k a r e  used in an iterative search for the 

minimum of (2.1). Lee and Stewart (1981) point out that Geiger’s method is an example of the 

Gauss-Newton method of optimization, which is known to be fallible. Thurber (1985) gives 

examples of some situations where Geiger’s method fails. He shows that Newton’s method, 

which retains the Hessian in (2.2), can give more stable results. For example, shallow earth- 

quakes recorded only be nearby stations sometimes became “airquakes”, that is, they locate 

above- the -Esrth’5 surface, when using- an I earthquake- location program based on *Geiger’s 

method. In synthetic tests, Thurber showed that use of Newton’s method eliminated “airquake” 

location artifacts. It is widely h o w n  that linearized approaches to solving nonlinear problems 

can be unstable and produce emneous results. However, virtually all approaches to earthquake 

location have used Geiger’s method, usually with satisfactory success (Flinn, 1965; Bolt, 1960, 

1970; Lee and Lahr, 1972, Buland, 1976; Klein, 1978). Other approachs are outlined by Lomnitz 

(1977), Tarantola and Valette (1982), and Thurber (1985). 

i 

. 
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In the context of local earthquake location, Geiger’s method generally works well when 

locating earthquakes that occur inside seismic recording networks. Lee and Stewart (1981) 

review cases where the method p e r f o m  poorly, for instance, when an earthquake is located well 

outside a recording network. Geiger’s method wiU be used here, not because it is the best 

method in general, but because ita form permits the use of linear projection operators which 

form the foundation for development of progressive invenion. 

By keeping only Erst order terms in 6x; equation (2.2) can  be rewritten in a different form 

which is more conducive to discussions of linear projection operators 

where A (related to (2.2) through g = -!#A%) is the matrix of partial derivatives of calculated 

travel time with respect to the Cartesian eoordiinates of the hypocenter and has the form 

c: 

A =  

8T1 aT1 
- - 1  

8 y  at 

- 1  i 

the partid derivatives being evaluated at the hypocenter for m data. 

There are a variety ways to solve (2.3). Our i ation, BEFtQLY written by L. R. 

Johnson, utilizes Levenburg-Marquardt inverse w 

where X is an adjustable constant referred to as the damping parameter. The matrix A is calcu- 

lated using finite differences. For a particular iteration, an appropriate value for X is found 

using the method of forced descent. This implementation has proven to be robust. Thurber 

(1985) noted that a damped version of Geiger’s method was successful in avoiding the aforemen- 

tioned “airquake” problem if the damping were chosen properly. BERQLY only produces ‘‘ab 

quakes” when there are serious blunders in the input arrival-time data, input velocity model, or 
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starting location. 

The Levenburg-Marquardt inverse can be related to the method of singular value decom- 

position as a means of forming a generalized inverse. Singular value decomposition (m) of A 
can be written (Lawson and Hanson, 1974) 

where U is an m X m  orthogonal matrix, V is an n Xn orthogonal matrix, and A is an m Xn 

diagonal matrix xontaining the singular values of A. The, generalized inverse of A in terms of 

its mD hr (Lanczos, 1961)' 

where + denotes matrix invene and A+ contains k s n  nonzero reciprocal singular values. An 

alternative form for A" that has a simple relation to the SVD of A is (Lawson and Hanson, 

1974) 

where the diagonal elements of A* have the form 

4 

In spite of differences in their forms, A+ and A" share a fundamental property; Pavlis (1982) 

showed that they use identical orthogonal projection operators V and UT. This result makes it 

possible to use the separation technique developed by Pavlis and Booker (1980) to solve the 

problem of progressive multipleevent location and slowness invenion, the topic of the next sec- 

tion. 

2.3. Multiple-Event Location and Slowness Inversion 

The goal of progressive inversion is to determine hypocenters, station corrections, and 

velocity structure using seismic arrival-time data from multiple events. Suppose we have a set of 

arrival-time measurements for me earthquakes recorded by n stations. Some or all of these 
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stations provide S-wave arrival times in addition to first P arrivals. The total number of sta- 

tions in the context of station corrections is n, , the number of stations in the network plus the 

number of thase stations that &cord S-waves (Le., record on three components). The total 

number of discrete slowness variables is N, which corresponds to the combined totals from the 

P-wave and S-wave models. There are a total of M arrivals in the data set; The general prob- 

lem has the form (Pavlis, 1982) 

r = - A 6 h + S 6 a + < G I 6 u > + e -  

where 

P E R ld = residual vector. 

'A E RYX4% = matrix of partial derivatives for aU events (see (2.4)' for single event form). 

& E  R'=# = vector of perturbations to the hypocenters. 

S E RYxmL I=: matrix of partial derivatives for stations corrections. 

R *I x1 = vector of station correction perturbations. 

6 E RuxffI' = matrix of discretired Frechet derivatives (kernels). 

6u E Rff* '* - vector of perturbations to slowness model(s). 

e E R * x*  - column vector of observational standard e m r s  

Subsequent form of (2.9) are implicitly weighted by e-'. The notation <G IaU> indicates the 

inner product (2.11). The term <G 16u> represents the component of r due to slowness model 

errors. While 0 and 6u are a discrete matrix and vector, respectively, during actual computa- 

tions, the notation <G I 6u> emphasizes the fact that G and 6u are conceptually functions. 

The term G6u is the discrete representation of a linearization based on Fermat's principle 

(Pavlis, 1982; Backus and Gilbert, 1969). Let an incremental travel time, br, represent the com- 

ponent of r, due to slowness model errors. 63- is related to slowness perturbations along the ray 

path between hypocenter, h, and station, Ai, by 
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at, = 6u ds = J s u ( 2 , y , t ) d s ( 2 , y , z )  (2.10) 
IwA,  h-A, 

where ds is incremental path length. In a general approach 6u would be a function of three 

dimensions. In our implementation we assume the velocity varies with depth, L ,  only. Then 

(2.10) can be written 

(2.11) 

where C,-(z ) depends on the sourcedepth-q and takes the form 

ZA < z h depth of ray bottom ( u -pi ) (2.12) 
G i ( z ) r r  (&p# I: z > depth of ray bottom 

whereBL L chasen in (2.11) fu some depth.below the bottom of thedeepest rays. 

r = B y  

Adding*Swavc data increases the number p f  station cometions and  the dimension of 6u. 

The column dimensions of S and G increase-accordingly. The addition,of Swave data has mot 

changed the baaic problem form from that derived for P-wave data by Pavlis (1982). 

The moat general problem form for progressive inversion is shown is (2.9). Situations may 

arise where the use of station corrections is not required and the terms involving S and bs can 

be omitted. If the term <G I 6u> is omitted, (2.9) takes the problem form for PMEL, the pro- 

gressive multiple event location method of Pavlis and Booker (1983b). 

A.more compact form for (2.9) is 

(2.13) 

where 

One approach to solving (2.9) is to invert for all the unknowns (I%, bs, andbu>) 
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, 
1 simultaneously. For example, Crosson (1976) formulated a procedure that solved for hypocenter 

perturbations and velocity perturbations simultaneously; that is, all parameter perturbations are 

determined at once using a full matrix solution. He solved a matrix equation of the form of 

(2.13) (excluding station correction terms), in an iterative least squares approach. There are two 

reasons to avoid a simultaneous solution to (2.13). On the practical side, the matrix B can 

become quite large even for a moderate number of events thereby limiting the amount of data 

that can be used and the number of parameters that can be solved for.. More importantly, 

Pavlis and Booker (1980) showed that the partitioned form of (2.9) could be exploited to parti- 

tion the problem into independent parts wing an “annulling transformation”. 

The solution to (2.9) by progressive invmion involves five steps 

1. event location by the dnglc event method ducribed in Section (2.2), using the 

current estimate of the station corrections and slowness models, 

calculation of an annulled version of the residuals unbiased by the hypocenter per- 

turbations, 

2. 

3. utilization of this annulled data to estimate B perturbation to the station corrections, 

4. calculation of a second annulled version of the residuals unbiased by the station 

comctbn perturbations, 

utilization of this second annulled set of data to estimate perturbations for the slow- 

ness model(s). 

32 

5. 

The first step w a ~  outlined in Section (2.2). Subsequent steps require the use of special 

properties of partitioned matrices and orthogonal projections, the ‘‘annulling transformation”. 

The use of annulling transformations on partitioned matrix problems was developed by Pavi i  

and Booker (1980), W er uf. (1980), Spencer and Gubbins (1980), and Jordon and Sverdrup 

(1981). Spencer (1985) gives an overview of the use of partitioned matrices, and various projec- 

tion operators that produce annulling transformations as applied to geophysical inverse prob- 

x 

lems. What follows is a brief outline of the basis for the annulling transformation and how it is 
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used in a progressive process leading to a solution of (2.9). 

2.4. The Basin for Progressive Inversion 

24.1. Orthogonal Projection Operators and Overdetermined Least Squares. 

We will limit our discussion to two orthogonal projection operators. A more complete dis- 

cussion of orthogonal projection operaton is given by Spencer (1985) and Pavlii (1982). 

Consider the problem defined by (2.3) where m > n . Let the range space of the matrix 

A be represented by R (A) = {yER"': y-Ak for some k€R" }. Let the null space of the 

matrix AT be represented by N==(AT) = (ytER"' : ATy = 0).  Any vector in R (A) is perpen- 

dicular to any other vector in N(AT): they an orthogonal compliments and together they gen- 

erate dl of R'" . Any vector yER" can always be decomposed into two orthogonal vectors 

Y - Y R  + Y N  (2.14) 

where y~ ER(A) and y~ €N(A? (PavlL, 1982). 

A generalized inverse solution (Penrose, 1955) of (2.3) will k a minimum-norm (Euclidean 

length) solution and will give a minimum sum of squares of residuals. One method of solution is 

to use a generalized inverse defined in terms of the m> of A (2.7). Another method of solution 

could employ the QRK decomposition computed using Householder transformations (Lawson 

and Hanson, 1974) 

A - QRKT (2.15) 

where 

R =  E' 
here Rll is a k X k nonsingular triangular matrix, and k n , is the rank of A. Q is an m X m 

orthogonal matrix and K is an n ~n orthogonal matrix. The generalized inverse in terms of 

(2.15) which could be used to solve (2.3) is 
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A+ =*'QT (2.16) 

Denote a generalized inverJe solution vector to (2.3) as a. Let a solution be obtained 

using (2.7) or 12.16). In either case, from (2.14) the estimate of the solution will have two pro- 

perties: h t l y ,  the on (N(AT)), and secondly, the resi- 

dual vector e = r - A62 wi l l  have no projection on ( . These results mean that n pikes 

of information are extracted from the residuals in the least squares solution, and a linear combi- 

to R(A). There are m-n pieces of information left 

over in the &duals that are completely independent of the solution, and a linear combination 

of m -n pieces of data are mapped into N(AT)?.' 

vector wil l  have no projec 

How u c  the rn -n locally independent parts of the residual separated from the input m i -  

dual vector? If (2.1) is used, multiply (2.3) by @ where is pk t ioned  as 

with Us E RSX' and U$ 

into R(A). U$ is the orthogo 

with (2.17) gives 

R(m-a)xm. Us is the ctor that projects data 

projector that projects data into N(A'. Operating on (2.3) 

c 

.w 
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m -n . components of the-originaldata into N(A3 ensuring their independence from the n comi 

ponents of the data used in R(A) to constrain the solution. These two results, obtained by 

Pavlis and Booker (1980) and Pavlis (1982), form the basis for their separation procedure. 

The same d t s  can be had using the QRKT decomposition represented by (2.15). In this 

case, QT takes the place of UT in (2.17), and the same partion forms for QT are obtained. The 

two projectors, UT and QT are not identical, but they both satisfy the projection properties 

required to achieve parameter separation and data "annulment". Either-projector; UT, or QT, 

could be usedin each step of the development of progressive inversion. We wil l  use these two 

projectors in the same manner given in the development by Pavlis (1982). They wil l  be the only 

projection operators used in the development of a solution to (2.9). The utility of orthogonal 

projectors wil l  now be related to the problem of progressive inversion. 

2 A Z  Applying Projection Operators to the II Partftioned Matrices of' the .  Multiple 

ErentSlowness Inversion Problem 

To see how the annulling transformation works, we retumto (2.9). The following deriva- 

tion closely follows th& of-Pavlis (1982). Fmt, (2.9) isapanded to show the contributions-of 

individual events 

0 0 ... 
"a  "e - "e 

(2.19) 

where the subscripts refer to the contribution of each event of the total i = 1, me. Pavlis and 

Booker (1980) 

form (2.7). By 

. of the form 

showed that each of partitions, Ai, has an inverse SVD decomposition of the 

using the individual event matrices, UT, an orthogonal premultiplication matrix 
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c a 

0 (U,T), . . .  0 

is used to premultiply (2.19) which yields the result 

0 0 0 
0 0 0 

0 0 ... 0 

where 

(2.23) 

(2.24) 

(2.25) 

j - 1,2,. . . ,me 

j - 1 , 2 , . . . , m 8  
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Multiplication of (2.19) by (2.20) has produced a lower partition of (2.21) where the data, 

PN,  that are independent of the hypocenter perturbations. Condensing the lower partition of 

(2.20) into compact form gives the new reduced problem form 

where 

(2.29) 

M-la, x N, 
QN E R  (2.32) 

The next step involves solving for the station correction perturbations. We defer discus- 

sion of a specific method to solve for the station correction perturbations. Here, we concentrate 

on theaextatep in the procm, whiehis to reduce (2.29) to the slowness inversion problem. As 

part oi 'the station correction solution process;an orthogonal projector is again-used, this time to 

reduce (2.29) to the slowness inversion-problem. Following Pavlis (1982), this.is done-by apply- 

ingathe orthogodppmjector QT of theQRKT decomposition (2J6) of SN to (2.29), which- gives 

where 

and 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

(2.38) 
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F 

Examination of the lower partition of (2.31) reveals that the data (2.37) are independent of 

the earthquake hypocenter perturbations and the station correction perturbations as are the ker- 

nels (2.38). Now we have all the components needed to form the slowness inversion problem. 

The slowness inversion problem can be written 

' a = = < N I  h> (2.39) 

At this juncture we can see how adding Sarrival times has altered the slowness inversion 

problem. One way to ascertain the d e e t  of adding Sarrival times is to look at the form of the 

kernels G in (2.9) for a single event before annulment and after annulment. 

Let G p  denote P-kernels and Gs denote Skernels. Each of these kernels is discretized in 

depth t . The total number of discrete deptha for QP is Np and for Gs is Ns. The slowness 

perturbations for t P-model are h p  and those for the Smodel are &us. Then 

N, - N p  + Ns. For the illustration of a single event here, let there be mp P-arrival times 

and ms Sarrival times with the nap residuals ordered above the ms residuals. Taking a single 

event from (2.21) we have 

The hypocenter and station correction terms are omitted to achieve a compact form. Now do 

the annulling transformation by premultiplying (2.40) by (2.17) and then by QT of (2.33) which 

gives 
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( r ~  )i E R' - data that constrain the hypocenter. 

( Y p ) ( z p )  E R'xNp = incremental ray paths used by P-component of (rR )i. 

( Y )( 2, ) E R " Ns = incremental ray paths used by S-component of (rR )i . 

(2.42) 

(2.43) 

(2.44) 

and 

r j  E R "A - annulled data. (2.45) 

( N P ) ( q  ) E R mA xNp - annulled P-component of data kernels. 

( N s ) ( z , )  E R xNS = annulled Scomponent of data kernels. 

j - 1,2, ..., mA k = 13, ...,(JVp or Ns) 

(2.16) 

(2.47) 

. 



mA - mp + ms 

The annulled data rj (2.45) are a linear combination of originally distinct P and S- 

residuals. Similarly, the P and Skernels that were originally block diagonal (Golub and Plem- 

mons, 1981) in (2.40) are coupled in (2.41). Just as the block diagonal fokn of A in (2.9) (see 

- 
\ (2.19)) made i t  possible to treat each event separately, the elimination of block diagonal form in 

(2.41) necessitates simultaneous inversion for P and Sslowness perturbations. 

The annulled data in (2.45) can no longer be thought of as representing contributions from 

one wave type. Rather, they assume the character of a mixed body wave phase such as ScP. 

The use of mixed wave kerneh is new but does not pose significant problems. 

As with the station corrections, adding Sda ta  has not profoundly changed the problem of 

estimating slowness perturbations. Some modifications are required in a Psnly  procedure to 

solve jointly for P and S-slowncs perturbations. These modifications wil l  be discussed BS they 

We have completed our discussion of how (2.9) is partitioned into three (locally) distinct 

problems.22 The next step is to specify how we solve each of the three partitioned problems. 

We have already discussed how we solve the first problem, event location, in Section (2.2). Now, 

we will describe our particular approaches to solving for station correction perturbations and 

slowness perturbations. 

1 ", .~ 

2.6. Method af Solutfon 

For the sake.of clarity and simplicity several practical m perations were omitted 

from the discussion in Section (2.4.2). This waa done to avoid obscuring the fundamental opera- 

tions that are the eSSence of the separation process of prognssive inversion. Since (2.9) is bmed 

on a linearization of a nonlinear problem its solution requires an iterative approach. The 

sequence of iterations used is shown schematically BS 
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Begin 
1 

I 7 - Event Location 
1 

I 1 
I - Station Correction Inversion 

Event Location 
1 

I Slowness Inversion 
1 

Solution 

indicates a loop and 4 indicates loop convergence. 

This diagram shows that ikrative solution to (2.9) is being done on three levels: (1) event by 

event location; (2) station correction estimation; and (3) slowness inversion. Iterative event by 

event location is an implicit loop and its solution was described in Section (2.2). Now, we wil l  

outline how we solve for the station correction perturbations and slowness model perturbations 

within each loop. We s t a r t  with the station corrections. 

26.1. Station Carreeftom 

Much of our approach towards solving for station corrections perturbations is essentially 

the same as PMEL, Progressive Multiple Event Location, developed by Pavlis and Booker 

(1983b). They in turn, used ideas presented in Jordon and Sverdrup (1981), in the course of 

their development of PMEL. The addition of Sanival times to the problem does not require 

significant changes in PMEL if only hypocenkrs+and station corrections arc sought. If an inverc 

sion for slowness models is included, some modifications to PMEL are required. We develop a 

solution for station correction perturbations taking into consideration that a slowness inversion 

will follow. As a result, the design philosophy differs somewhat from PMEL of Pavlis and 

Booker (1983b). Here, we present the essential elements of a solution algorithm based on parts 

of PMEL, highlighting significant differences as they arise. 
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Referring back to (2.21), the contributions of each event to the data and coefficient matrix 

for the station correction problem an found in (2.26) and (2.27), respectively. The routine 

SVDRS in L a m n  and Hanson (1974) is used to form the products indicated in (2.26) and (2.27). 

The final coefficient matrix (2.31) would attain the size (M-4m, ) X n, if the contribu- 

tions from each event (2.27) were accumulated. Pavlis and Booker (198%) showed that the 

matrix R, in (2.35) could be formed from the individual event partions (2.27) instead of SN of 

(2.31) using sequential accumulation (algorithm SEQHT of Lawson and Hanson (1974)). The key 

z 

point is that SEQHT uses a QR decomposition (see (2.15)) to reduce SN to the upper triangular 

form R, , Instead of requiring (M-lm, ) x no rows of storage to solve for station correction 

perturbations, just 2n, rows an required. This is done by applying a QR decomposition to 

each event in the manner outlined in Lawson and Hanson (lW4). They show that the end result 

is equivalent to doing a QR decomposition on SN of (2.31). This is why the matrix QT comes 

to be used in (2.33) to produce the annulled data and kernels for a subsequent slowness inveP 

sion. 

.& 

*<- 

From (2.33) the basic station correction perturbation problem becomes 

(2.48) 

Pavlk and Booker (1983b) solve (2.48) using a pseudoinverse of R,, denoted R,+ (see (2.7)), 

obtained by singular value decomposition.2s They found th 

k of no -1. The pseudorank k - n, -1 reflects the ambigui 

ections. This ambiguity is 

t strong constraints 

e removed because 

that R, will have 

inherent when only P-aniv 

on origin time. If only SP 

(k sn,-3 if S-P data are used). This reflects the ambiguity of the absolute location of the clus- 

ter as well as. the origin time. Often Sanival times are only available for a subset of the 
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stations with P-arrival times. In this case origin time must be included in the problem and the 

aforementioned origin time ambiguity persists. Consequently, as a practical matter, we expect 

that rank (R,) <n, in general, whether or not Sarrival times are included with P-arrival 

times, or S P  times arc used. 

There is a case when the dc station correction component can be constrained. Arrival- 

time data from explosions with known origin times can produce rank R, = n, thereby con- 

straining the de component of the station corrections. However, we.prefer that  the-final station 

corrections have zero mean, independent of-the constraints provided by the data. We will 

present a justification for this point of view shortly. Fmt, we discuss the modifications to 

PMEL due to the addition of Sarrival t ima. 

Since dc station corrections cannot be constrained in general, we impose the condition that 

* - .  the sum of the station corrections equal zero. If Sarrival times are used this condition is 

applied separately to each wave type’s station corrections. During tests with synthetic data (to 

be discussed in Chapter 3), we found a tendency for errors in assumed VJV, models to be com- 

pensated by the station cbrrcctions unless the dc component waa separately calculated and 

removed from P-station corrections and Sstation corrections. It is easy to see how this happens 

by considering a simple example. 

Let us asume that the true P-station corrections and true Sstation corrections have zero 

mean. Further, take the cme when the assumed Vp/V, model is in error and Vp/V, is too large. 

Let the dc component be determined using combined P and Sstation corrections and then 

remove this de component from all P and Satation corrections. Since Vp/V, is too large in the 

assumed model, SP times will be too large. By adding a positive dc component to all the P- 

station corrections and a negative dc component to all the Sstation corrections, S P  times are 

produced that satisfy the data. In addition, the sum of the dc P-station correction component 

and the dc Sstation correction component is. zero. The inversion process has produced an 

erroneous result. But if the dc components arc calculated independently for each wave type’s 

station corrections and then removed from the P and Sstation corrections separately, the 
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erroneous V,/V, ratio will not be incorporated into the station corrections. 

Removing the dc station correction component separately from P and Sstation corrections 

is essential to ens& the integrity of the annulled data (2.48) used to calculate perturbations to 

the slowness models. Since solving for station corrections is just one step in an overall pro- 

cedure to locate earthquakes and determine slowness models, it is important that implementa- 

tion of a solution for station corrections be consistent with the overall process. It may be 

argued that incorporating whole model V,/V, errors into the ,station:corrections is acceptable- 

because station corrections are meant to correct for deviations of the assumed slowness model 

from the true model. This point of view is unacceptable here because, in the context of our use, 

station corrections represent laterad velocity heterogeneity Iocd to the station only. They 

w u m e  the role of rtatic corrections in reflection seismology @ob*, lg76). Consequently, we 

can place a bound on the largest possible station correction by specifying the maximum v h a -  

tion of near surface slowness and the maximum depth that constitutes the “near surface” zone. 

In the next section we develop a slowness inversion that includes perturbations to the sur- 

face slowness. Therefore, requiring the respective P and Sstation corrections to have zero mean 

is reasonable, since’we determine-the best least squares estimate of the near surface and surface 

slownesses. Station correetioas should reflect the deviations from these mean surface downesses. 

In light of these requirements, we specify an upper bound on the absolute value that any 

single station correction can attain. We found this bound was difiicult to satisfy using a 

psuedoinverse where the rank was decreased until the perturbations satisfied the bounds. How- 

ever, a Levenburg-Marquardt solution (see (2.8)) ww effective in satisfying our requirements; In 

synthetic tests (dwcribed in Chapter 3), we found that a damped solution retained the same 

pattern of perturbations that would be obtained using a pseudoinverse of pseudorank n, -1. By 

increasing the damping the magnitude of the perturbations was decreased, while preserving the 

“correct” pattern of perturbations. T h e  drawback is that the generalized inverse with damping 

docs not satisfy the symmetry conditions of Penrose (1955). Consequently, the overall form of 

the generalized inverse for PMEL, will have a form slightly more complicated than found in 
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Pavlii and Booker (1983b). The utility of the Levenburg-Marquardt solution outweights this 

minor drawback. 

For each iteration, a solution to (2.48) is obtained in the following way. First, a singular 

value decomposition of R, is computed using routine SVDRS of Lawsan and Hanson (1974). 

Next, the psuedorank k is determined from the SVD of R, using a tolerance that requires that 

the smallest singular value be no smaller than 10 the largest singular value, where n is the 
-I - 

total number of significant figures available to represent real numbers. A modification of the 

routine SVA f&m Lawson and Hanson (1974) is used to determine 21 values of damping X uni- 

formly spaced in loglo X increments between 10XI and Xb /lo. Candidate solutions for are deter- 

mined using the 21 damping values. Candidate perturbations are added to the previous values 

of the lrtation corrections and the means are removed from each wave type's station corrections. 

The minimum value of X is used that satisfies the bound constrainb on station corrections. 

As in PMEL of Pavlis and Booker (1983b), solution for station correction perturbations is 

part of an iterative proccss of solving (2.9). Once station correction perturbations are calcu- 

lated, all events are relocated with the new station corrections. This proccss continues until: (1) 

subsequent station correction perturbations become small, i.e., when 11 bs 1 IC where t is a 

small number, (2) the residual norm 1 r, 11 does not decrease signscantly in successive itera- 

tions, or (3) the midual norm 1 r, 11 becomes smaller than the a priori standard error of the 

input data, in which cIue the solution to (2.9) is complete. Pavlis and Booker (1983b) give a 

theoretical justification for criteria (1) and suggest the use of an F test (Hoel, 1971, pp. 285-295) 

to dekct C B S ~  (2). 

Pavlis and Booker (1983b) discuss the analysis of error through the resolution matrix, 

covariance matrix, and information distribution matrix. The basic results of their resolution 

analysis has been discussed in the context of station correction dc component ambiguity. The 

covariance matrix for the station corrections, C,,  can be calculated from the SVI) of R, by 

the relation 
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c, -R,?(R,+)= (2.49) 

when R,? is the generalized inverse of R,. The complete covariance matrix for hypocenters 

and station corrections can now be written (pavlis and Booker, 1983b) 

(2.50) 1 c - I"* $QT c, 
HSC,S%f -HSC, 

t 

where HA is the generalized inverse for all the events. They also show that when the number of 

arrival time data is much larger than the number of parameters, 4m,+n,, the covariance 

matrix for the hypocenter and station corrections C has the form 

(2.51) 

A more eomplek discussion of resolution and errors for hypocenten and station corrections is 

deferred until Section {2.6.2), 

Having outlined a means to solve~for hypocenters and station corrections in a progressive 

iterative approach, we are ready to discuss the hal step in each iteration of a solution to (2.9), 

solving for slowness perturbations. 

7 1 "  _n 

26.2. Slowneaa Modeb 

d in (2.39). We must 

: firstly, the resulting slowness 

- different portions of 

c r 

The kernels N in (2.39) are singular at the bottoming points of rays. The singularity pre- 

cludes the application of a least squares approach because the error norms are not square integr- 

able (Backus and Gilbert, 1969). As a practical matter, the kernels N are always finite due to 
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finite .discretization, Thus, a numerical least squares solution to (2.39) is possible. However, 

least squares solutions to (2.39) tend to be highly oscillatory. Rewritting (2.39) we have 

0 

ai - IN; (2 )sa (2 142 i =1,2, ...,M, (2.52) 
L 

The singularities in N can be removed by integrating (2.52) by parts, a process Backus (1970b) 

calls “quelling by integration”. Integration of (2.52) by parts gives 

0 

q -?R(o)i bo (0) - JN(2 )i 6% ( 2 3  d t ;  (2.33) 
L 

where 

(2.54) 

and we define 

(2.55) 

The kernels in (2.54) are the- total path lengths .from L to the ray bottom. They are calculated . 

using linear velocity (not downess) gradients (see (A.18) of appendix-A). 

The term N(0)i bu (0) in (2.53) is always included in the problem for the following reasons. 

Oldenburg ’ (1984) demonstrated that when u (0) is incorrectly specified, profound errors are 

introduced into estimates of the model. Further, as stated in the previous section, we want to 

determine a (0) in the best least squaru sense 50 that station corrections will reflect local devia- 

tions from least square surface slowness and consequently will have zero means. Even if good 

estimates of surface slowness are available, the 6rst term in (2.53) should be retained to allow 

adjustments to u (0) dictated by the overall surface slowness as sampled by all the recording sta- 

tions. Good estimates of u (0) help ensure proper convergence to the true solution 89 shown in 

Oldenburg (1984). Pavlii (1982) and Pavlis and Booker (1980) remove the term R(O)i6rr (0)  

from (2.53) by imposing a constraint that causes as estimate of the perturbations to the rest of 

the model to be independent of ~ ( 0 ) .  As demonstrated in Oldenburg (1984), this approach is 
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not valid unless the sssigned surface slowness Y (0) is the true value. 

Following P a v h  and Booker (1983a), Pavlis (1982), Kennett (1976)’ and Backus and Gil- 

bert (1969), we chooae to solve for the “fhttest perturbation”. Thus we minimize 

r- 

q ( d Y  (z))* dz + - 1 &yo) 
2 2 

subject to the constraints (2.53). 

Pavlis and Booker (1983a), Pavlis (1982), and Kennett (1976) used Johnson and Gilbert’s 

(1972) variational approach to solve the problem. The resulting set of normal equations are 

numerically ill-conditioned. In order to obtain a stable result, orthogonal transformations (Gil- 

bert, 1971; Parker, l977a) or damping (Pavlii, 1982) must be used. 

alternative spproach is available that satisfies our requirements: a direct least squares 

solution that minimizes the quantity (from (2.53)) 

L 
(2.57) 

wing a generalized inverse (Wiggins, 1972). Remember that m in (2.41) is discretized finely 

enough (in accordance with a Backus-Gilbert approach) that the problem defined by (2.57) is 

underdetermined; w will always be rank deficient. If w is not rank deficient we have not 

parameterized the model h e l y  enough, violating the stated requirements that the slowness 

model be free of artifacts of parameterization. .Thus, if the problem is formulated correctly, 

(2.57) wil l  be rank deficient, 

A pseudoinverse solution to a rank deficient problem has the property that the solution 

tor will be the (unique) minimum length solution (Lawson and Hanson, 1974). Consequently, 

a pseudoinverse solution to (2.67) satisfits the minimization conditions in (2.56) and the sum of 

the squares of the residuals defined by (2.57) will aIso be minimized. Since arrival time reading 

errors from local networks arc best described by a Gaussian probability density (Buland, 1976), 

minimization of the norm in (2.57) is appropriate. 
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L a m n  and Hanson (1974) show that the solution vector norm (2.56) is a nondecreasing 

function of pseudorank while the squared squared residual norm (2.57) is a decreasing function 

of pseudorank. Specifying a pseudorank involves a trade-off between minimizing (2.56) and 

(2.57). A solution that neither overfits nor underfits the data is obtained by proper specification 

of the pseudorank, 

One practicd advantage of this approach is that formation of the normal equations is not 

required. Lawson and Hanson (1974) show that forming normal equations squares the condition 

number of the equivalent problem solved using a direct solution approach. A direct generalized 

invene least squares solution is better conditioned and requires half the significant figures 

required to obtain an equivalent solution of the normal equations. 

A second consequence of a dinct solution is that the kernels R in (2.57) can be sequen- 

tially accumulated event by event using algorithm S Q H T  of Lawson and Hanson (1974), thus 

eliminating the need for large matrix storage of the size M,.XNu. By using sequential accumu- 

lation of the kernels R, storage requirements ate reduced to (N, + n, )XN, . 
Using synthetic data we solved (2.57) using singular value decomposition pseudoinverses 

and found the resulting perturbations contained spurious oscillations and were very sensitive to 

pseudorank. We found that a Levenburg-Marquardt solution to (2.57) WBS much more satisfac- 

tory; oscillatory effects were greatly diminished and the pseudorank sensitivity was virtually 

eliminated. Since a Levenburg-Marquardt inverse (2.8) docs not satisfy all the Penrose (1955) 

conditions for a generalized inverse it will now be shown that a Levenburg-Marquardt solution 

satisfies the minimization conditions on (2.56) and (2.57). 

It has already be shown that a pseudoinverse with k < Nu satisfies the minimization con- 

ditions on (2.56) and (2.57). For a particular pseudorank k let a true pseudoinverse solution vec- 

tor norm be 11 tu, 11 . Marquardt (1970) showed that for a nonzero value of X the damped solu- 

tion vector norm 11 tuk 11 I tu, [ . The norm of a damped solution vector is always less 

than the corresponding solution vector norm of a true pseudoinverse solution guaranteeing the 

satisfication of the minimization condition (2.56). From Lawson and Hamon (1974, pp. 193) 
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(modified for the notation used here) we have: 

Theorem 2.1 

For a fixed nonnegative v 

using the damped invene of the lo 

minimum value of (2.57) for all vec 

e of A, say, 1, let 6E be the solution for the problem (2.57) 

e residual norm obtained is the 

Theorem 2.1 guarantees the minimization of (2.57). 

Damped least squares is a robust approach to solving nonlinear least squares problems. 

This is due to ita search properties that enable a reasonable descent direction to be found using 

even when a pseudoinvem fails to End a proper descent path. A damped solution 

us to bound the magnitude of perturbation solutions. This bound represents a bias or a 

priori information about the maximum size the perturbations should attain. Since the problem 

is nonlinear, placing bounds on perturbation size is sensible to provide reasonable step sizes. 

In each iteration a solution is found as follows. Fmt, a singular value decompoeition of R 
d. Then, 21 damping values are determined using the method outlined in Section 

(2.5.1). A solution is chosen that produces reasonable solution and residual norms. Slowness per- 

turbations are obtained by integrating the slownesa gradient perturbation solution. Inversion for 

P-slownesses and Sslownesses is done separatcty, that is, various damping values are used to 

find acceptable P-slownea perturbations, then various damping values are used to find accept 

able S-slowness perturbations. We do this b larger than P slownesses so 

that ditrerent solution perturbation bounds pe. Consequently, different 

values of damping wil l  ge 

damping used is that whi tion and residual norms: the largest projected 

decrease of residual norm that has an acceptable solution norm. If the new slowness models 

exhibit fluctuations on scales smaller than resolving lengths, the new models are smoothed. The 

new slowness models are used to start a new iteration. 

r each wave type. The 

. 

Convergence is detected when either: (1) the mot mean square (RMS) residual norm is 5 

the a priori standard e m r  of the observed data, or (2) the RMS residual norm does not decrease 
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significantly for several iterations; Criteria (1) requires reliable estimates of the standard errors 

of the observed data. Criteria (2) may indicate convergence to a local minimum. If (1) is not 

satisfied then the model is insufficiently parameterized to fit the data or the a priori standard 

emrs of the data are incorrect. Since we use a slowness parameterization that varies only with 

depth, failure to satisfy (1) may indicate that significant lateral slowness variations exist. Reli- 

able estimates of data quality are required to ascertain whether this is the case. Even then, only 

by- using several dfierent starting models can the problem of converging' to -~locd minima -be 

investigated. As noted by Pavl i  (1982), the problem.of determining when convergence has 

occurred is a difficult problem that has thus far defied rigorous solution. 

Once it haa been determined that convergence has occurred the results must be appraised. 

This is the topic of the next section. 

2.6. Resolution-Error -ha lyda  

The analysis of resolution and error that will be presented in the next two sections is 

based on lintarized solutions to nonliiearproblems. The pitfalls of this approach have been 

investigated by Pavlii and Booker (1983a), by studying the problem using synthetic data. They 

found that linearized estimates of resolution can be unreliable when nonlinear effects are 

significant. However, they also found that solutions linearly close to the truth are obtained 

whenever the intrinsic resolution of the data is sufficient to resolve the structure of the true 

model. It is dialcult to know which assessment applies to resolution-error analysis of inversions 

with real data. In Chapkr 3 we address this problem by doing progressive inversions using vari- 

ous synthetic data sets. For -the present, let it be kept in mind that the following discussions of 

resolution-error -analysis are only strictly valid for truly linear problems. 
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2.6.1. Slowness Modeb 

Backus and Gilbert (1967, 1968, and 1970) showed that estimates of seismic velocity are 

intrinsically nonunique. Constraints on model values are only determined from resolution-error 

trade-ofl analysis. The objective of resolution-error analysis is to determine averaging functions 

which produce model vaIues,with acceptable uncertainties and at the same time show what 

model features are resolvable. 

We use methods outlined in Wiggins (1972) to mess  resolution and error for slowness and 

slowness gradient. Wiggins' (1972) development is based on a discrete (matrix) representation of 

the data kernels. As mentioned in Section (2.4.2) and Section (2.5.2), P and Smodels are cou- 

pled after data annulment because the kernels N consist of P and S-data kernels. We want to 

determine the degree of interplay between P and %models. The resolving kernels defined in 

Wiggins (1972) facilitate direct determination of coupling between models. Methods of Backus- 

Gilbert model assessment m presented in Pavlis and'Booker (1983a), Parker (1977a), and John- 

son and Gilbert (1972) cannot be used because multiple models and parameter types indigenous 

to the kernels used here make specification of a physical misfit norm impossible. 

Slowness resolution and error is of obvious interest. Slowness gradient resolution and e m r  

is also investigated because it is the quantity actually solved for in the course of estimating a 

slowness mdel.  Resolving kernels for slowness gradient can show how different parts of a model 

trade-off, thereby alerting us to features that arc artifacts of the inversion process. Assessment 

cause slowness gradients have a more 

an does slowness magnitude. Later 

t resolution and error 

ns for source moment te 

invenion. Consequently, we want to mess  resolvability and uncertainty of the input parame- 

t e n  that the Green functions are most sensitive to. Secondly, the slopes of earthquake travel 

s while the changes in slope reflect slowness gradient mag- 

velocity magni- 

tudes and origin times allowed the same earthquake, placed a different depths in two different 

reflect slowness magni 

a synthetic test of Pavlis and Booker (1983a), a trade-off be 
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velocity models, to produce similar travel-time curves. The two velocity models had similar 

overall velocity gradients, only velocity magnitudes differed substantially. We suspect that 

slowness gradient is better resolved by earthquake arrival-time data than slowness. 

When estimating slowness resolution and error the data kernels N are used". The data 

kernels w are required to determine slowness gradient resolution and error. Singular value 

decompositions of N and s,%are used in subsequent reso!ution and error computations. Let the 

SVDofNbe  

N = UAVT (2.58) 

where 

a; are the singular values and the dimensions of the orthogonal matrices, U and are 

Ma XM,, , and AT, XN, , respectively. Let the SVD of R have the same form as (2.58) except 

the orthogonal matrices, U, A, and V'will be denoted as U, A, and and the singular values as 
- -  

- *  ui . la the following discussion of slowness resolution and-error; the results for dlowness gradient 

can beobtained byaubstitution of overbar equivalent quantities. 

From (2.58) the resolution matrix Rh for slowness is 

(2.59) 

where k is an expansion order. The expansion order of (2.59) refem to the number of eigenvec- 

tors retained in the calculation of Rk . These eigenvecton correspond to the k largest singular 

values of-N. The-effect of statistical emn,.in the data on-the variance of slowness pesturba-. 

tions is calculated from 

h 

j -1 
UhY6l (ti)) &f/8j2 (2.80) 

V and ai are as defined in (2.58). A tradooff between width of resolving kernels in (2.59) and 

variance in (2.60) exists as a function of k. Plots of standard error as a function of depth versus 

expansion order - are .used to determine the range of expansion orders 1 that produce acceptable - 
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errors. Next, resolving kernels are plotted as a function of depth for each of the acceptable 

expansion orders The optimal expansion order is chosen as the one that produces the "best" 

combination of resolution and error. 

The j t h  column of the resolution matrix represents the leasbsquares solution for maximiz- 

ing the j th  parameter (Wiggins, 1972). Each column of R represents a particular target depth. 

Each column of R is computed using the k that produces an acceptable standard error for that 

target depth. The expansion order is hot, in general, the same for all columns of R. Inspection 

of the columns of R reveals the extent of parameter averaging and what parts of the model arc 

being averaged. Columns of R are displayed in two ways. Both ways of displaying the resolving . 
kernel use plots which make it possible to display all target depths and model depths simultane- 

ously. 

la one manner of presentation, each column of R is normalized to have unit arca. An 

example of this kind of plot is shown in Figure (4.8) of Chapter 4. The target depths with the 

largest peaks represent the portions of the models that arc best constrained by the data. These 

depths correspond to regions with the largest number of turning waves. 

A second approach is to plot each column of R normalized to its maximum value. A plot 

of R of this type is shown if Figure (4.9) of Chapter 4. This plot shows how a velocity esti- 

mates at particular target depths t r a d e 4  with other portions of the velocity models. h this 

way the amount of smearing and coupling can be seen throughout the models. Sometimes the 

averaging kernels of R have significant side lobes. Side lobes provide useful information about 

inherent trade+& in a problem ative apptoschs to 

tation of side lobe  is essential in determining 

the coupling within and be n P and S models. This that the annulling 

Consequently we have not used al 

nimize them. in fact, 

transformation produces mixed wave kernels for each lled data point. Both sets of parame- 

ters must be included in the resolution analysis to determine how much each model t r a d e s 4  

with the other. A more complete discussion of the interpretation of the resolving kernels is 

deferred to Chapten 3 and 4. 
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The-methods just described are-demonstrated wingsynthetic data in Chapter 3 and using 

real data in Chapter 4. Practical aspects and results will be described there. Having outlined 

how to assess results of slowness inversions, our attention turns to the assessment of errors in 

the hypocenters and station corrections. 

263. Assessment of Hypocente~ and Station*Correction Uncertainties 

Pavvlis and Booker'(1980) and Pavlis (1982) has presented the only development, thus far, 

of+a systematic means to estimate the combined e&cts of errors in arriyaktime data and uncep 

tainties in slowness model on estimates of earthquake locations in a progressive or joint invelc 

sion approach. Tarantola and Valette (1982) and Pavlis (1988) provide alternative approach in 

the context of single event location. In most cmcs, seismologists have chosen to ignore the effect 

of slowness or velocity uncertainties on hypocenter determination or have at best, tried to 

account for these uncertainties in an ad hoc approach. Pavlis and Booker (1980) and-Pavlis 

(1982) developedx means of making-predictions about the magnitude of error in hypocenter and 

station ,correction estimates caused by velocity model errom using. the Bachw"(1970a,b,1971) 

method. of generalied prediction. What follows is a m d e d  development of their approach. 

Discussion of the method of Tarantola and Valette (1982) is contained in Appendix B. 

Traditionally, seismologists have considered errors in observed arrival time data as the 

only source of errors in hypocentral estimates. Pavlis and Booker (1980) and Pavlis (1982) 

showed that there arc two additional sources of e m r  that must be considered: statistical errors 

in the,assumed velocity model and model errors caused by unresolved velocity structure. These 

two additional errors follow naturally from Section (2.8.1) where they were discussed in the con- 

text of slowness model appraisal. Appraisal of errors in thezdiscrek parametem, hypocenters 

and station corrections, requires a different interpretation than that used for continuous slowness 

models. 

Earthquake hypocenters arc constrained by observed arrival times that comspond to pro- 

pagating waves traveling between the focus and seismic recorders. We would like to make a 
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prediction of the error in estimates of travel time along these wave paths. Here, the earthquake 

location problem has been approximated as a linear process. In Section (2.4.1) it was demon- 

strated that n components ( Yh of (2.25)) of the m wave paths representing the observed data, 

are used to constrain a hypocenter. Consequently, we would like to have have an estimate of 

errors, due to uncertainties in the assumed velocity model, in the travel times of these n wave 

paths. The following discussion focuses on the problem of hypocenter appraisal; Station correc- 

tion appraisal is done in the same manner by using the station correction kernels Y, (2.36) in 

place of Y. . 
At the outset i t  is important to note what errors arc neglected in thia analysis. An obvi- 

ous source of error is the inherent nonlinearity of the problem which is neglected here. Non- 

linearity means that wave path constraints canaot be dmply mapped inta n components as in 

(2.25). The matrix A (2.3) wil l  be in error due to two sources: (1) nonlinearity and (2) errors in 

the partial derivatives that depend on the imperfectly known velocity model. Effects of model 
N.. '- 

prediction errom on solutions obtained using A can be bounded (Lawson and Ifanson, 1974, p. 

4142) but are .beyond the -scope of the work here. Pavlis (1986) has addressed the problem of 

nonlinearity by investigating the contribution of Hessian (see (2.2)). A full nonlinear appraisal is 

done in Appendix B where model prediction errors in travel times for all m wave paths will bo b? 

considered. 

The annulling transformations in (2.21) and (2.33) allow a simple outline of one way to 

look at discrete parameter error estimation. Let the hypocenter and station 

t e n  be grouped'togethet as x to allow a simpler and more compact presen 

annulment (2.21 and 2.33), we have 

rR - < Y I h > = A R x  (2.61) 

Although x is solved for using rR (see 2.3), it is clear that we can estimate x from CY I6u> 
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also. This peculiarity provided motivation to develop the annulling transformation to allow 

independent estimation of slowness models (Pavlis and Booker, 1980). Unfortunately, x depends 

on PR and <Y I6u> reflecting the fundamental ambiguity of locating earthquakes. This form 

emphasizes that there are two sources of error in x: observational errors in PR and theoretical 

calculated travel time errors due to errors in the slowness models from the term <Y I 6u>. 

Let observational travel time reading errors be described by the covariance matrix Ct and 

theoretical travel time emrs  be .described by the covariance ,matrix CT . Error contributions 

from Ct are straightforward to estimate (see 2.50 or 2.51). We use the development by Pavl i  

and Booker (1980) and Pavl i  (1982) with several m&cations to determine how to BJS~SS error 

contributions from CT . 
We start by rewritting (2.13) is a slightly expanded form 

r-Bx+<GIbU> (262) 

where B.is the partial derivative matrix for all discrete parameters, P and G are as detined in 

(2.9). Let HB €3 x y  be the gene&ed,inverse used to estimate a solution .to (2.62) for f. z.~ 

A solution of (2.62) using HB gives 
..” 

R B x = f +  <XI&> (2.63) 

where . 
NxN, X = H g G E R  (2.64) 

(2.65) 

RB is the resolving matrix for the discrete parameters x. The function <XJ contains informa- 

tion about the ray paths used to constrain the discrete parameters. If f consists of well con- 

strained hypocenter parameters RB e I. Pavlis (1982) showed that when station corrections 

are included in f, RB p I due to the tradeoff between station correction means and hype  

centers. Since Pavlis (1982) considered only P-data, adding Sda ta  mitigates this problem but 
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does not eliminate it. This subject is addressed in Chapter 3 using synthetic data. 

From (2.63) it is clear that estimates of 6w are dependent on the slowness model through 

the term <X 1 ha>. Pavlis (1982) showed that (2.63) can be reduced to the form 

using the substitution he = RB x-ii. 

The N numbers 6zi can be estimated from a linear combination of the annulled data 

using Backus' generalized prediction procedure (Backus, 1970a,b, 1971). To get an estimate of 

6x, we use (Pavlis, 1882) 

whert tuj are weights to be determined and aj are the annulled data from (2.52). The kernels 

<X I in (2.66) arc quelled by integration to ensure a 6nik e m r  norm 

The model prediction error, <e 1,  is the difference between the kernels used to constrain the 

discrete parameten and predictions of these kernels using the annulled data, 

Ma 

j -1 
<e{ I =xi - c'ofwi (2.69) 

when <et I has a finite norm. 

To determine the contribution of pred error it is necessary to have a bound B on the 

derivative of deviations of the estimated model from the true true model such that 

(2.70) d d n z(qm. - u - II 2(~utm 1 II L B 

where 

uh.. = true but unknown slowness function. 

Q i3. final estimate of utm. 
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Pavlii (1982) uses B to bound the e m ,  As, in q due to intrinsic slowness model nonunique- 

ness. Using Schwartz’s inequality he specifies B such that 

(2.71) 

W e  cannot estimate B from the observed data since information about -B is contained in 

a subspace orthogonal to the model subspace constrained by the data (Backus, 197Oa). Thus B 

can-repnsent a subjectivecbiss about the range of fiuctuations from- the’ estimated model that- 

we consider to be plausible. 

A Wiculty with Pavlia’ (1982) approach is that B is also used as a damping parameter in 

calculations of prediction error and statistical error. The use of damping in resolution-error 

analysis causes overall errom to be underestimated. Nonzero values of damping overestimate 

resolution and underestimate slowness model statistical - crr0m.r We modify Pavlisz (1982) 

development to eliminate .the use.of B as, azdamping parameter.by using an expansion.order 
.. 

approach.. 

Pavlis (1982)-showed,that statistical errors .in the :anauUed data used to estimate .the slow- 

ness model produce errors in the discrete parameters of the form 

cs - w w  (2.72) 

where W is the same as in (2.67) and (2.69). Pavlis (1982) used B as a damping parameter in 

the calculation of the weights W of the form 

w = (R + +)-I II 
B (2*73) 

(2.74) 

(2.75) 
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Here, the use of B as a damping parameter will be eliininated and an orthogonal expan- 

sion using a singular value decomposition of R (2.58) wiU be substituted for fi in (2.73). Now 

(2.73) talc& the form 

w,T - (my N F  (2.76) 

= m;vT 
Now, using (2.76) ,CS in (2.72) can be written 

h 

* 
where C; is the Covariance matrix for model slowness gradients. From (2.64), (2.77) can be 

rewritten as 

(2.78) 

and we see that the term GCC' 

due to statisticd m n  in the slowness gradient model. 

corresponds to an estimate of calculated travel time erron 

ins W, (2.76) obtaining from the singular d u e  decomposition of s, the model predic- 

tion error in (2.89) can be written 

(2.79) 

n for the slowness gradient. 

The last form of (2.79) helps to demonstrate what <e& I is. The term (I - E& ) acts as a 

projector on 2 and produces the component of X, X*, ~ t h a t  is orthogonal to the range of R - -  
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(2.54). As k decreases (I - Ei )4 and xL increases. Since zL maps from the subspace of the 

model unconstrained by the data, an estimate of the magnitude of unresolved deviations of the 

estimated model from the true model, such as B,  must be specified to find the contribution of 

x1 to the total parameter error. 

In terms of projection properties it is now clear why damping should not be used to com- 

pute <e I and Cs . Nonzero value of damping overestimate the dimension of the range space of 

R and consequently underestimate <c I . Nonzero damping also causes Cs to be underes- 

timated by eliminating large error contributions of small singular values. 

The total error in the discrete parameters due to errors in the slowness gradient model, 

Cr , is the sum of the model prediction errors (2.79) and statistical errors (2.77) which gives 

CT = <Ck I Ck >B2 4- cs (2.80) 
_._ 

Cp=='UJ + a, 

where u$ is the model prediction error component. The madel prediction e r r o r a d  always be 

nonzem because the resolving function is never.a-unit=delta function and 8 is always nonzero. 

It is clear that the contributions of the first-and second terms in (2.80) trade-off with txpmion 

order k and 8. At this point the the bound B mlrst be invoked to determine the prediction 

error contribution to Cr . We now specify how B is interpreted and used. 

It would be relatively straightforward to make a guess at the maximum possible variation 

of slowness. Typical values of slowness range from 1.0 to 0.125 sec/km (1.0 to 8.0 km/sec) from 

the Earth's surface to the bottom of the crust. We could safely mume  that slowness deviations 

from the estimated model an no larger than 0.1-0.2 sec/km. However, B is a bound on the 

spatial derivative of slowness deviations (2.70). Consequently, it is dXicult to confidently 

specify small values for B because the derivative in (2.70) could be very large. For example, 

take the common situation of two rocks with diflerent slownesses in welded contact. Slowness is 

virtually discontinuous at the contact; the slowness changes rapidly over dimensions of the order 

of centimeters. Since we can confidently specify the magnitude of the largest plausible slowness 
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variations, A h k , ,  we could investigate the error contribution in (2.80) as a function of length 

scales A5 using (from 2.70) 

(2.81) 

This is essentially the.approach taken by Pavlis (1982). One aspect that differs here is that the 

optimal expansion order must also be determined. This suggests that the following approach be 

used to determine the optimal combination of k and B: 

A range of k are wed to determine C s .  Then, only those values of k that produce values 

of C s  smaller than CI , the conventional statistical error, arc considered further. This condition 

forces us to consider nonzero values of 8. ’ Next, the remaining values of k are used to detelc 

mine the expansion order that dows the maximum value of B nuch that CT I C s .  By specify- 

ing a value for A&, , the resulting maximum B is uJed to determine the minimum As. If 

the minimum A5 b found to be very small, say on the order of millimeters or less, we can 

confidently eonciude’ that model prediction errom have a negligible effect. If the resulting 

minimum As is larger, then an appropriate smaller value of As must be specified, T h e  resulting 

largerzvalue of B e be,used to calculate C r ,  and added to Cs to give the-total prediction 

error component of hypocenter error. , it has been our experience that model error con- 

tributions are overestimated using this approach. This is not surprising since Parker (1977b) has 

noted that bounds, such aa B ,  tend to produce overly pessimistic error estimates. We can 

demonstrate that this is indeed the case here. 

To determine the errom due to unresolved slowness structurel travel times are calculated 

for the two models s h m  in Figure (2.1). The “true” model has large fluctuations of slowness 

and the “test” model represents a smooth gradient average to the true model. Travel times are 

investigated because, inspection of the form of (2.64) shows that our predictions of model 

induced errors are fundamentally related to the problem of predicting errors in travel times eal- 

culated from the estimated model. Pavlis (1982) developed an expression for B that relates B 

to slowness deviations and their length scales 
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Figure 2.1 Contrast of a true uynthetic model (solid line) and a smooth 
model approximation to it (dashed line). The large velocity fluctuations of the 
true model are produced by (see (1.82)) Au - 0.05 sec/km, C - 0.2 km, 
d - 0.05 km, and L - 5.0 km. 
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(2.82) 

. 

where L is the depth dimension of the slowness model, Au is as defined above, C is the depth 

duration of segments of unresolved slowness variations with amplitude Au , and d is distance 

over which slowness changes from true model values to the amplitude variation of Au . This 
definition of B is used to estimate how close bound estimates of travel time errors arc to true 

errors. 

The true travel time error is calculated as the difference between travel times calculated 

for the tme model and test model. These travel time errom are compared to estimates of the 

travel time error obtained using B and an estimate of <e I . We use 11 Et, - ate* 11 as an 

estimate of <e I aince I at, - G&,, H is the norm of path length errors between the true 

and test models. Results arc shown in Figure (2.2) fora  source at 2.2 km depth with As -0.05, 

C-0.2 km, d 4 . 0 5  km, and -6.0 km corresponding to B-2.5 (Figure (2.1)). The bound 

estimates of travel time error have been divided by 100 to plot on the same scale. It is clear 

fromqFigure (2.2) that for nonvcrtlcally propagatingwiys, the bound estimate of error is several 

L 

orders of magnitude too large. Distances of 10 to 12 km correspond to rays that leave the 

source almost horizontally. The bound estimate of travel time error becomes increasingly overly 

pessimistic as ray paths begin to have turning points. While the magnitude of bound errors is 

much to large, the trend of emrs with increasing distance (takeoff angle) is approximately 

correct. It makes intuitive sense that the bound estimate of travel time error will overestimate 

the true error by the greatest amount for turning rays. 

In light of these results, it is clear that absolute hypocenter error-due to model errors can- 

not be reliably determined using B ,  The fact that B is intrinsically unknown anyway has 

already precluded estimating absolute errors. However, the relative importance of model errors 

can be assessed between individual hypocenters and station corrections. Our previous proposed 

method of determining optimal values of k and B for each discrete parameter is undermined by 

the gross overestimation of the contribution of prediction error, u3. Erroneously large values of 

C are required to produce the minimum sum of Cs and e!. Because the results of this kind of 
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line) and bound estimates of the same travel time errors (dashed line). The 
bound error estimates have been divided by 100 to plot at this scale. 
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approach defy meaningful interpretation, a Merent tack was taken. 

It is desirable to be able to interpret hypocenter position with respect to features in the 

slowness and slowness gradient models. This suggests that value of expansion order used for 

discrete parameter error assessment be set to the expansion order used for the slowness gradient 

model that produced the best combination of resolution and error. In this way, hypocenter posi- 

tion can be asseased in the context of resolvable features in the slowness gradient models. This is 

the approach we finally chose. The value most representative value of k used in slowness gra- 

dient resolution and e used to calculate Cs. Then, for each hypocenter parameter and 

each station correction, minimum values of Az arc calculated four ways."" Four values of Az 

arc found such that: (1) u) = ut, (2) u$ - uj, (3) u) - ut+oJ, and (4) u$ - eonutont. By 

comparing the dres of the resulting values of Ax, for cases (I), (2), and (3) the da t ive  impor- 

tance of model errors can be messed between station corrections and between spatial parame- 

ten for individual hypocenters. Bound kst (4) is the most useful for comparing the sensitivity 

of parameters from different hypocenters since a constan r magnitude is used for all events. 

Parameters with large test (4) values of Ax relative to other hypocenters arc more likely to be 

influenced by model errors. 

The total discrete 

statistical errors in data 

and the contribution of 

(2.83) 

If the CI is dominant in (2.83) then the conventionat approach of ignoring model-induced errors 

is appropriate. If Cs is large, then model induce tmrs'are significant and e must be careful 

el-induced errors in assessing discrete parameter-errors. The 

important result is that (2.83) makes it possible to make an assessment of how different sources 

of error effect the final estimate of the discrete parameters. 

include an estimate of 

This concludes our discussion of parameter error assessment. We would like to determine 

how well the approach works in practice. Tests of the method are done in Chapter 3 using syn- 

thetic data. In Appendix B the effects of nonlinearity on parameter error estimates are assessed 
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by comparing results .of the linearized approach-outlined hem 'against results+obtained.using a 

full nonlinear approach provided by Tarantola and Valette (1982) 

2.7. Summary and Conchrsions 

A method of progressive hypacenter-velocity inversion has been developed to incorporate 

Swave arrival time data and estimate Swave velocities in addition to P-wave velocities. The 

ability to utilize Swave data4mproves constraints on hypocenters and provides more complete 

information on sekmic- structure -than .P-wave data alone. me growing amount of three- 

component seismic data being collected by the seismological community ensures that immediate 

benefits will be realized by the new capability to incorporate Swave data in a progressive 

hypocenter-velocity inversion. 

The effect of slownesa model errors on hypocenters and station corrections can  be cdcu- 

lated using a m a c a t i o n  of Pavlii and Booker's (1980) and Pavlis' (1982) approach. Their 

approach hassbeen modified to eliminate damping from the error*appraisal pmess. Cijntribu- 

tions.of model pmdiction*emrs,to hypocenter and station correction errors arc assessed with 

respect to-apiori-bounds on unresolved 810wnCsS model errors. The relativeimportance of sta-- 

tistical errora and model prediction errors on discrete parameter error is determined with respect 

to features in estimated slowness gradient models. 

The onudimensional velocity model assumption used here is not an inherent limitation of 

the development. The process developed here for estimating hypocenters, velocity models, and 

estimating their erron can <be generalized to solve- for three-dimensional velocity models. if 

resourcu rue available to solve the three dimensional travel time and wavopath problems. The 

three-dimensional velocity-hypocenter inversion method with data annulment developed by 

Thurber (1983) for P-wave data could be extended to include Swave data using the ideas out  

* 

lined here. 
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Notea 

'' These results arc only completely true for b e a r  problems. Multiple event - slowness inver- 

sion is inherently a non-linear problem. Consequently, while the results here have proven useful 

(Pavlii and Booker, 1983s; Pavlis, 1982), this limitation should be kept in mind. 

22 The problems are all coupled by the inherent nonlinearity ignored in (2.9). Further, Pavlis 

(1982) and Pav l i  and Booker (1983b) showed that while the station correction perturbations are 

(locally) independent of the hypocenters, the hypocenters arc inherently coupled to estimates of 

the station corrections. Consequently, a solution to (2.9) must be iterative to reduce the effect 

of coupling between hypocenters, station corrections, and slowness models. 

2s From Lawson and Hanson (1974, pp. 77-78), "the pseudorank k of a matrix A is the rank of 

the rank deficient matrix A that replaces A as the result of a specific computational algorithm. 

Note that the pseudotank is not a-unique property of the matrix A but also depends on other 
. *ir 

factors, such as the details of the computational algorithm, the value of tolerance p&eters 

used in the computation, and effects of machine roundsff errom." For example, determining k 

requires specifying which small singular values should be set to zero, an approach requiring some 

degree of subjective judgement. Lawson and Hanson (1974, pp. 180.208) outline approaches to 

make the decisions as objective as possible. 

24 The discrete data kernels N are finite at turning points only because N was approximated by 

incremental path lengths for a velocities model parameterized by linear Velocity gradient layers 

(see appendix A, equation (A.18)). Consequently, subsequent slowness (velocity ) resolution and 

error is dependent on model parameterization and the mults are not expected to be completely 

reliable in an absolute sense. Rather, this approach helps to indicate which portions of models 
f 

are most sensitive to errors in the data and shows patterns of trades& within and between 

models due to inadequate constraints provide by the data. These results arc not used to support 

arguments that a particular feature exists and has acceptable error; they help to highlight 

models due to inadequate constraints provide by the data. These results arc not used to support 

arguments that a particular feature exists and has acceptable error; they help to highlight 

features that should be viewed with skepticism due to inherent tradoo& or instabilities. This 

approach has been used frequently (Crosson, 1976; Aki and Lee, 1976; Spencer and Gubbins, 
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198%’- Thurber, 1983) and could be .called “quelling by parameterization2’, not a particularly 

rigorous approach, but one that has proved useful. 

The data kernels for slowness gradient are finite (2.54) which makes them amenable for 

resolution and error analysis. However, progressive inversion is a nonlinear process; resolution 

and error estimates are only reliable il the h d  model estimate is linearly close to the true 

model. 

‘’ Hi is -never explicitly formed. Solution for each hypocenter and for .the station corrections, 

is done separately using annulling transformations: Pavl i  (1982) showed that the final result can 

be viewed as a single operation by HB . 
The substitution of Az is made for B using (2.81). Since an estimate of A&,,, is used in 

the analysis, (2.81) allows us to solve for the minimum length scale, Az that produces a particu- 

lar error magnitude. If we find that Ax is indeed very small for a particular discrete parameter, 

we can have some coafidence that that parameter is not significantly effected by unknown slow- 

ne55 gradient model emm. 
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Chapter 3 

Synthetic Tests of Progressive Inversion 

8.1. Inkroduction 

Progressive inversion waswxtended to incorporated Swave arrival time data in Chapter 2. 

Since the approach required linearization of a nonlinear problem we need to determine how well 

the method works in practice. Pavlis and Booker (1983) investigated the problem of estimating 

P-wave velocity structure using P-wave arrival time data from earthquakes. Using synthetic 

data they focused on determining the reliability of linearized resolution and error analysis of 

estimated P-wave velocity structure. Effects of nonlinearity on hypocentra-estimates and sta- 

tion corrections were not presented. Here, synthetic data is used.to access effects of nonlinearity 

on estimates of P and S-wave velocity structure, hypocenters, and station corrections. The 

scope is broader in order to determine how strongly nonlinearities in the problem effect each set 

of parameters in an absolute and relative sense. 

In some situations, reliable earthquake locations are a primary objective, whereas estimat 

ing velocity structure is not as critical. A common example is the problem of determining fault 

position and mode of faulting using earthquake locations and focal mechanisms. Of course accu- 

rate velocity models are necessary to accurately locate earthquakes, but we would like to know 

what effect inaccurate-velocity models have -on-estimates of earthquake locations.- A method 

was developed-in Section (2.6.2) of Chapter 2.to estimate the errors in hypocenters due to 

imperfect-velocity models. Since the approach required a linearized approximation and a rough 

bound approach, tests with synthetic data are needed to investigate well how these approxima- 

tions predict true hypocenter error. 

Progressive inversion as developed in Chapter 2 is very similar to the methods of Pavlis 

and Booker (1980) and Pavlii (1982), except S-wave data and velocity structure arc added, They 
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conducted a thorough study of the effects of nonlinearity on inversions for P-velocity structure. 

They showed that linearized inversions can produce incorrect models for which subsequent 

resolution-error analysis overestimate resolution and underestimates errors. The same problem 

can arise when Swave arrival times are added. The results of Pavlis and Booker (1983a) will be 

used as a starting point. Consequently, the present series of synthetic tests will concentrate 

more on determining the effects of including S-waves in the problem than focusing solely on 

studying the importance of nonlinearity on inversions for velocity structure, hypocentens, and 

station corrections. 

Although velocity structure is an end product of progressive inversion, it is slowness gra- 

dient structure that is directly solved for. Resolution and error are only rigorously defined for 

slowness gradient kernels. Resolution and e m  can be estimated for velocity structure but the 

results are highly dependent on model parameterization. Consequently, we use alownws gra- 

dient models to investigate the reliability of' linearized rwolution-error ,analysis. The problem of 

estimating velocity structure is considered 6mt. Slowness gradient, station correction, and h p  

center assessment f o l b  in subsequent sections. 

3.2. Synthetic-Data 

A synthetic data set was constructed using earthquake locations and station distributions 

from The Geysen, California. The locations of 39 earthquakes were estimated using P and S 

wave arrival times recorded by a temporary network of 9 three-component stations and the 

USCS permanent seismographic network. Earthquake locati were estimated using an 

assumed set of velocity modeb and no attempt was made to estimate station corrections or 

invert for velocity structure. These locations were used to calculate synthetic travel times by 

employing prescribed station corrections and velocity models. The velocity models and station 

corrections used to generate the synthetic data are listed in Tables (3.1) and (3.2), respectively. 

True earthquake epicenters and station locations are shown in Figure (3.1). Figure (3.2) shows 

true earthquake elevations in crow section. Earthquake depths are shallow reflecting the 
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3.08 
3.11 
3.50 
3.80 
4.80 
4.94 
5.30 
6.00 

1.65 
1.87 
2.20 
2.28 
2.43 
2.90 
3.20 
3.60 

0.0 
0.4 
0.6 
0.7 
0.9 
1.5 
3 .O 
6.0 

Tabh 8.1 Velocity models used to generate synthetic travel times. Linear velocity gradients 
are used between each velocity-depth pair. The depth of 0.0 km cornsponds to an eIevation of 
-0.379 km in Figure (3.2). Velocity values at 0.0 Itm depth are wed to d e b e  the constant v e b  
city elevation coaction layer described in Appendix A. 



55 
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7 

Station 
GAX 
GBO 
GCM 
GCR 
GDX 
GGP 
GMM 
GSM 
m 
TSP 
TOT 
TPU 
TPS 
TPT 
TPL 
THR 
TMZ 
TPR 
7 

mthetic Mode! 
Station Correc 

P-wave 
4 .10  
0.15 
0.10 ' 

-0.15 
-0.05 
0*10 

-0.10 
9.10 
0.05 
0.05 

0.10 
0.00 

-0.10 
-0.10 
0.10 
0.10 

-0.10 

ns (see) 
Swave - - - - 

0 - 
0.15 

0 - 
0.10 
0.10 

4.10 
0.15 

9.10 
-0.20 
-0.30 
0.15 
0.15 
4.M - 

Table 8.2 Station corrections used to generate aynthetic data. Station corrections were chosen 
large enough to reflect variations of n e a r - d a c e  velocities over a range of 1-4 km/sec and 
thicknesses of 0.1-0.5 km that have been observed at The Geysers. 
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shallow geothermal reservoir at The Geysers. The regular pattern of epicenters in Figure (3.1) is 

due to a formatting error when generating the input file to the program that calculated the syn- 

thetic travel times. Decimal latitude and longitude coordinates for the epicenters were rounded 

to the nearest hundredth of a degree, producing the distribution in Figure (3.1). The net result 

is a-decrease in distinct epicenters from 39 to 17. Since the depths are distinct (Figure (3.2)), 

data from overlapping epicenters arc not completely redundant. Still, this geometry produces 

data that contain less information than more realistic geometries with more distinct epicenters, 

because €ewer station-receiver distances -are represented. Velocities from the surface down to 1.5 

km depth were taken from a velocity invenion of VSP data described in Chapter 4. P-wave 

veiocities below 1.5 km depth were modiied from EberharbPhillips and Oppenheimer (1984). 

S-wave velocities below 1.5 km depth were obtained by assuming a slowly decreasing VJV, 

ratio with depth to simulate anticipated VJV, decresses in the steam reservoir at The Geysers. 

The reason The Geysers data were used to formulate synthetic data was to better -em results 

of progressive inversions on real earthquake data from TIie Geysers. Also, this data set is typi- 

cat of many*microearthquake studies and aftershock studies=in t e r n  of recording geometry-and 

event locations. 

All data sets consist of error free ( e m n  <O.OOOl second) travel times calculated using a 

method described in appendix A. We consider two types of data sets. One data set consists of 

P-wave arrival times only. This data set, dubbed Psnly,  is obtained by deleting all S-wave 

arrival times from the synthetic data set. A second data set, dubbed joint P and S, consists of 

the samt-Pswave arrival times plus the original S-wave. arrival times. Since only-11 of 18 

recording stations at The Geysers operated with three-component geophones, there are only 

about half as many Swave arrival times. The second data set reflects the common situation 

whereby Swave arrival times arc only available from a subset of stations; those that record 

three components of ground motion. 
, 
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38.80 

38.70 
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Figure S.1 True epicenter poaitiona of synthetic earthquakes are shown as 
small circles. Stations that provide P and Swam arrival times arc denoted 
by A and. station that provide P-wave arrival times only art shown M V. 
The dashed line from A to A' is the surface projection for the vertical c m  
section shown in figure 3.2. 
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Figure% 9.2: Vertical c m a  section showing- truevgmthetic earthquake eleva-s 
tions. Positive elevations correspond to depths below mean sea level and zero 
elevation corresponds to mean sea level. The cmsa section ends, A and A! are 
the same as in figure 3.1. The top of the velocity models startssat an elevation 
of 9.378 km; the elevation of the lowest station. The highest elevation, -1.28 
km, corresponds to the elerstion of the highest station. Differences in station 
elevations were accounted for wing methods described in Appendix A. 
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Ffgure 8.8 P-wave starting models shown with the true model. The “close” 
starting model, model 1, is shown LS MOD1 and the “far” starting model, 
model 2, is shown as MOD2. 

59 



60 

3.50 

3.00 
0 w‘. < z 
?rL 

2.50 U 

2.00 

S-WAVE MODELS 

0.00 1 .oo 2.00 3.00 
.  DEPTH^ (KM) 

Figure 8.4 Swave starting models shown with the true model. The “close” 
starting model, model 1, is shown u MOD1 and the “far” starting model, 
model 2, is shown as MOD2. 



61 

- ... 
.. 

.,. 

VP/VS MODELS 
2.00 1 

A 
1.90 

1.80 

1.70 

1.60 

1 .SO 
0.00 1 .oo 2.00 3.00 

PTH, (KM) 

Ff8ute 3.6 Vp/Vs starting models rhown with the true model. The “close” 
starting model, model 1, is n as MOD1 and the “far” starting model, 
model 2, is shown as MOD2. 
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3.2.1. Starting Mod& 

Results of a nonlinear leastsquares invemion can depend strongly on the starting model. 

To study how strongly inversion results depend on initial models, two sets of starting models 

were used. Both sets of models consisted of a single linear velocity gradient from the surface to 

maximum model depth of 3.0 km. One set of starting models was chosen to be close to true 

surface velocities and to be “close” to the true model. This model, designated model (l), is 

shown with the true model in Figures (3.3), (3.4), and (3.5). A second set of starting models 

was chosen to be “far” from. the. true - models; surface velocities, velocity 1 magnitudes, and 

V p p s  were much diflerent than the true models. This model, designated model (2), is shown 

with the true model in Figures (3.3), ( 3 4  and (3.5). By using quite different staring models it 

was hoped to quantify how stable progressive inversion results were with respect to different 

starting models. ,> 

The two starting models are very Werent. Model (2) was chosen to reflect a standard 

type of starting model: a homogeneous half-space. Model (1) corresponds to the type of starting 

model that could be obtained using Wadati (1933) and Riznichenko (1958) diagrams as 

described by Nicholson and Simpson (1985). The advantages of constructing-good starting 

models, such as would be determined using Nicholson and Simpson’s (1985) approach, becomes 

clearly apparent in subsequent sections. 

S.S. Velocity Structure 

Estimating seismic .velocity structure using earthquake sources is inherently an inferior 

experimental design. Seismic velocity determination is best done using seismic reflection, VSP, 

and refraction experiments with controlled sources. The reasons are obvious; neither travel 

times or source locations are known for earthquakes, but are well determined in controlled 

. experiments. 

Some situations dictate that earthquake data be used to estimate seismic velocity struc- 

ture. Many times earthquake data are the only data available. In other cases earthquake data 
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sometimes contain information that is not contained in reflection and refraction data. 

Reflection and refraction data represent virtual two-dimensional samples of seismic structure. 

The use of overlapping profles produces improved spatial sampling, but the extent of three- 

dimensional sampling is limited. Earthquake data recorded by typical networks may sample over 

a ,larger volume! of a region because earthquake -locations arc distributed over a wide range of 

depths and epicentral locations. Consequently, overall three-dimensional seismic velocity infor- 

mation may be contained in in earthquake data that is absent from reflection and refraction 

data. (Thurber, 1983; EberhartiPhiilips; 1986). 

There are two objective3 when inverting for seismic velocity structure using earthquake 

data. Obviously, precise determination of seismic velocity structure is one objective. It is 

already clear that earthquake data arc not ideal in this regard. It will be demonstrated that, in 

general, absolute Velocity magnitudes are not well constrained by earthquake data Thus, a pri- 

mary objective b to reduce the component of earthquake location errors due to errors in 

assumed seismic velocity structure. This topic will be disused in Section (3.8). In the following 

sections we investigate how well seismic velocity structure is constrained by earthquake da ta  

93.1. Factor Analysb 

Progressive invenion involves iterative solutions on three levels; hypocenters, station 

primary interest is on how velocity estimates are 

enters and station corrections as a prelude to solv- 

corrections, and veloci 

effected, by being requi 

elocity structure t only are more unknowns added to the problem, but some infor- 

version due to data annulment. The goal of this mation becomes unavailable for the veloci 

factor analysis is to dete the effects on velocity inversions, of removing dats  through 

annulment and adding hypocenters and station correc - 
Assessment of seismic velocity inversions -using synthetic earthquake data is done in a 

series of steps (Table 3.3). Each step is designed to isolate the effect of removing data through 

annulment and/or adding more unknowns to the problem. In cme (A), all parameters are fixed 
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at their true values; inversion is done for velocity models only. Case (B) Wers  from case (A) 

only in that data is removed from the subsequent velocity inversion through hypocenter annul- 

ment. Next, in case (C), earthquake locations are estimated in addition to velocity models. 

This case was investigated by Pavlis and Booker (1983a) and Pavlis (1982) in the case of P-wave 

data only. Case (D) investigates the effect of removing more data from the subsequent velocity 

inversion by means of station correction annulment. Case 4) is similar to case (D) except that 

hypocenters must:be solved for aiso. Finally, in case-(F), station corrections and hypocenter are 

solved for along with velocity structure. Specific cases will be discussed in subsequent sections. 

All cmes, (A-F), were only done for the combined P and S inversions with starting model 

(1). A subset of cases were investigated with starting model (1) for P-only data and starting 

model (2) data sets. This was done to reduce the overall computational burden and the fact 

that case (F) was of primary interest. 

I 

In the synthetic tests that require event location, the Inglada (1928) method was used to 

obtain a starting epicenter and origin time. Initial event elevation was set to the same value, 

1.12 km, for all events. In the synthetic tests which required station corrections to be 

estimated, all initial station corrections were set to zero. 

3.3.1.1. Case (A) 

This test provides insight into inherent strengths and weaknesses of the synthetic data’s 

source-receiver geometries when inverting for velocity structure. Iterative velocity inversions 

were done with both starting models for P- and Swave velocity structure. In this case, the data 

set is like a combination of seismic refraction, reflection, and VSP data. Event location and 

annulment of data are not required. Results of this inversion indicate fundamental strengths 

. 

and weaknesses of the data set. For instance, if convergence to true model values cannot be 

obtained in some depth intervals, we can anticipate that hypocentral depths and velocity struc- 

ture will be poorly constrained in those depth intervals. 

. 
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Annulment 

none 

hypocenters 

hypocenters 

hypocenters 
station corrections 

hypocenters 
station corrections 

hypocenters 
station corrections 

Hypocenters 
~~ 

fixed at 
tNe VdUCS 

fixed at 
tNe V d U e S  

solved for 

fixed at 
tNe V d U e S  

solved for 

solved for 

Station Correction 

fixed at 
tNe V d U e S  

fixed at 
t N C  V d U e S  

fixed at 
tNe VdUeS 

fixed at 
tNe Values 

fixed at 
true values 

solved for 
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^I 
Table 8.3 List of progressive inversion test cases. The annulment column indicates what data 
components were removed from the po i d  pool of data for velocity inversion using orthogo- 
nal transformations. 
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For thij special case, P-wave and Swave inversions are completely independent so only 

one inversion need be done to obtain complete P and S results for each starting model set. From 

the results in Figuns (3.6) and (3.7), it is clear that a slightly smoothed version of the true P 

and S models can be recovered using starting model (1). Results with starting model (2) are not 

as satisfactory (Figures (3.6) and (3.7)). Shallow (04.5 km) model (2) near-surface P-wave velo- 

cities arc too high and the position and magnitude of the large velocity gradient between 0.4 

and 0.7- km are incorrect. The is due to the large emr in the initial surface velocity of model 

(2), (1.115 km/sec), and the lack of hypocenten shallower than 0.15 km model depth. Since we 

are inverting for the tiattest model, incorrect surface velocities produces an incorrect boundary 

condition for the inversion which produces errors in other parts of the model (see Oldenburg 

(1984) for oome dmple examples). This does not bode well for cases (GF) with the starting 

model (2), when hypocenten and station corrections are added as free variables to the problem. 

S.3.1.2. Cases (%E) 

Sparse data me available to constrain near surfice velocities and velocities near the bot 

tom of the models. Near surface Velocities are poorly constrained because nearly*all wave paths 

traverse the near surface at a small range of nearly vertical incidence angles. Model bottom 

velocities are constrained by a small number of rays that bottom there. Consequently, we would 

expect that data annulment would advenely effect estimates of velocities in these portions of 

the model, relative to case (A). 

Cases (B) a d  (D) nveal effects of data annulment on velocity estimates. P and Swave 

velocity estimates for case (B) (Figures 3.8 and 3.9) reproduce the true models well except for 

the near surface portions of the models. The deepest portion of the P-wave model is not faith- 

fully reproduced for case (B). Since these portions of the models were recovered in case (A), lack 

of convergence to the true model in the deepest portion of the estimated model, indicates that 

constraining data were removed during hypocenter annulment. Model misfit increase 

throughout the velocity models in case (D) indicating that more data, fundamental to 
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Figure 3.8 Ruulta of,P-wavc velocity inversions for case A. Final estimates 
of velocities for model one are identified by APSl and those for model two 
comapond to APS2. The find RMS residual for model one w1w 0.001 see after 
7 iterations. Final RMS midual for model two was 0.014 sec after 18 itera- 
tions. 
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F4-e 3.7 'Results of S-wave vdocity inversions for casevL Final estimates 
of velocities for model one are identified by APSI and those for model two 
correspond to MS2. The Bnal RMS residual for model one WM 0.007 sec dtcr 
7 iterations. Final RIMS residual for model two w w  0.008 see after 18 itera- 
tions. 
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Flgure 9.8 P-wave resulb for joint P and S velocity inversions with starting 
model one, cases BE. Case B (0.018 uec RMS, 0 iterations) is designated by 
BPS1, cme C (0.002 rec RMS, 5 iterations) by CPSI, clue D (0.024 sec RMS, 
3 iterations) by DPSl, and case E (0.010 rec RMS, 4 iterations) by EPS1. 
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Figure 8.9 S-wave resulb for joint P and S velocity inversions with starting 
model one, cases4S.E. Case B(0.017 ~ee-RTvIs, 8 iteratiow) is designated by 
BPSI, case C (0.004 ret RMS, 5 iterations) by CPSI, case D (0.056 see RMS, 
3 iterations) by DPSI, and case E (0.0m see RMS, 4 iterations) by EPS1. 
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constraining whole-model velocity structure, were removed during station correction annulment. 

Results for case (B) bear out our expectations concerning patterns of nearsurface model misfit. 

However, case (D) results indicate that data with potential to doxiitrain all portions of the vel- 

city models is removed to constrain station corrections. 

Inversions for cases (C) and (E) produce results similar to cases (B) and (D) [Figures (3.8) 

and (3.9)). These results are not surprising; the hypocentral estimates at convergence in cases 

(C) and (E), were nearly identical to the true locations. This indicates that the determining 

velocity structure along with hypocenter locations is a robust process when the starting model is 

not too far from the true model. 

Case (C) corresponds to the problem considered by Pavlis and Booker (1983a). Figure 

(3.10) shows cases (C) results for P-wave structure from the joint P and S velocity-hypocenter 

inversion and :he Psn ly  inversion. Despite doing 11 velocity inversion iterations for the Psnly  

case, versus just 5 iterations for the joint P and S case, the P-only velocity model estimate does 

not reproduce the true P model as well as the joint P a d  S inversion estimate. The high vel+ 

city gradient in Figure (3.10) has been systematically moved deeper in the Psn ly  case. This 

result can be explained by t 

Booker (1983a). 

epth-dc velocity tradeoff discussed in Pavlis and 

Inspeetion of Figure (3.34) reveals that estimated hypocentral depths for Psnly  case (C) 

arc systematically too deep. Estimated origin times for Psn ly  case (C) were systematically 

early. Thus, the depth otrset of P-only velocity model and estimated hypocenters has been com- 

pensated by a dc shift in origin times. The origin time-depth-dc velocity tradeoff was greatly 

diminished using joint P and S data in case (C). Hypocentral depths errors are much smaller 

(Figure (3.32)), and the P velocity model is closer to the true model (Figure (3.10)). 
c 
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FIgure 8.10 P-wave case C velocity inversion results using starting.mode1 
one. The P-wave model estimate from the joint P and S invenion is denoted 
as ClPS (0.002 see RMS, 5 iterations), and the P-wave model estimated using 
P arrival data only is denoted m C1 P (0.00s see RMS, 11 iterations). 
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8.S.l.S. Cye (F) 

Since case (F) is the end product of primary practical interest, inversions were done for 

both Psn ly  and joint P and S data for starting models (1) and (2). Since case (F) involves solv- 

ing for the mast variables, errom due to nonlinearity are more likely to manifest themselves in 

this test. Inversion results are likely to be sensitive to starting models. These expectations are 

confirmed. 

Convergence problems were,pronounced in c8se (F) when using staking model (2). Satis- 

factory convergence could not be obtained for either the ly or joint P and S inversion with 

model 2 (Figures (3.11) and (3.12)). Lack of convergen not readily apparent from the 

RMS data misfit of 0.028 sec for the P-only starting model (2) inversion. An RMS misfit of 

0.038 see would clearly be within the uncertainty of mal data that had arrival time C ~ M  on the 

order 0.03-0.04 sec. What indicates a lack of proper convergence is the tendency for some shal- 

low earthquakes to b a t e  at or near the free surface (Figure (3.22)). If this where real data, one 

would have to detect this problem to avoid erroneous results. This would require knowing that 

very shallow earthquake locations are unre able, not a trivial assumption if shallow seismi- 

city is of interest. 

When Swave arrival times are incorporated into the far model inversion, the lack of con- 

vergence is more clearly apparent in the RMS data misfit. P-wave RMS misfit is 0.048 sec and 

Swave misfit is 0.118 sec in this case. The tendency for some shallow earthquakes to locate 

near the free surface is still apparent (Figure (3.24)), but the large RMS Swave data misfit helps 

detect lack of proper convergence. Including Swave information allowed detection of conver- - 

gence to a local rather than global minimum through inspection of RMS data misfit magnitude. 

Convergence to a local minima was not clearly apparent when only P-wave arrival times were 

used. 

Large RMS misfit magnitudes, relative to uncertainties in the data, can be used reevaluate 

the starting model. If too little information were utilized to construct the starting model, a 

more comprehensive effort could be made to improve it and the new starting model used to 
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Figure S.11 P-wave ease F velocity invenion results for both starting models 
and P only and joint P and S inversions. Starting model onewsults far the- 
joint P and S inversion are denoted M FPSl (0.010 RMS, 3 iterations) and as 
FP 1 (0.003 RMS, 5 iterations) for the P only inversion. Starting model two 
mults for the joint P and inversion are ahown as F'PS2 (0.048 Rus, 3 itera- 
tions) and as FP 2 (0.028 RMS, 2 iterations) for the P only inversion. 

DO 
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' Figure 5.12 Suave  e s ~ e  F velocity inversion results for both starting models. 
Starting model one results are denoted as FPSl (0.025 RMS, 3 iterations). 
Starting model two results u e  shown ;IU FPS2 (0.118 W, 3 iterations). 



76 

reinvert. Lack of convergence to acceptable RMSdata misfit levels could a h  indicate that the 

one-dimension model assumption is invalid. However, careful investigation of the raw data 

(inspection of travel time curves, etc.) should reveal whether or not model assumptions are 

appropriate. Consequently, given proper model assumptions, RMS data misfit levels from joint 

P and S inversions help discriminate between convergence to local versus global minima whereas 

Psn ly  FZhB misfit levels are not nearly as diagnostic. 

Lack,of convergence in the far model case haspanother implication. It points out the 

danger of *arbitrarily specifying unrealistically high surface velocities and assuming that station 

corrections can compensate for the error. Station correction errors are about two times larger 

for model (2) inversions than for model (1) inversions (Table (3.4)), indicating that larger com- 

ponents of the velocity model errors have mapped into model (2) station corrections estimates. 

It is clear from Figures (3.11) and (3.12), that errors in the surface velocities of starting model 

(2) have contributed to e m =  throughout estimated P and Swave models. 

-.E 

8.8.22 Velocity resolution and mor - 
Eatimate of velocity structure should be equivalent to the true model smoothed by the 

resolving functions for the solution within predicted error bounds?.' Resolving functions and 

standard efrors can be calculated from equations (2.59) and (2.60) of Chapter 2. Figure (3.13) 

compares starting model (1) estimated P-wave velocities with the true P-wave velocity model 

smoothed by resolving kernels for the ease (F) Psnly inversion. The true model and smoothed 

trueamode1  fall outside the estimated model bounds virtually throughout the entire model depth 

extent. Yet the RMS data residual for this inversion is very small (0.003 sec). In contrast, slow- 

ness gradient for this example (Figure (3.17)) is very close to the true model for most of the 

model depth extent. This example demonstrates that dc velocities can be incorrectly predicted 

using earthquake data whereaa slowness gradients errors are much smaller. 

The problem is most pronounced when only P-wave data are used. If is clear from Figure 

(3.11) that estimated P-wave velocities are much closer to the true model when combined P and 
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Figure 8.1s The t rue P-wave velocity model (solid line) filtered by the 
resolving kernels of the estimated model for the rtarting model (1) clue (F) 
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Table S.4 All tests correspond to case (F) of Section (3.3.2). Models (1) and (2) arc the same as 
described in Section (3.3.1). TNC errors are the RMS differences between estimated station 
corrections and true station corrections; The column labeled Est., corresponds to the RMS of 
estimates of station correction error. Estimated wrors were only cdculated for starting model 
(1) inversions. P-only "refers to progressive inversions using only P 'data and joint P and S refer 
to simultaneous P and S inversions. 

J 
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. 

S data were used in case (F). Since only 8 single synthetic model could be considered here, it is 

not known whether this result will be true in general. However, we suspect that adding Swave 

data to progressive inversion will reduce dc velocity errors in general. 

The quantity V,fV, provides an important constraint on material properties of rocks. Fig- 

ure (3.14) show estimated Vp/Vg models for starting model (1) inversion C B S ~ S  (C) and (F). A 

smoothed version of the shape of the true Vp/Vg model is recovered except for the Vp/V, 

minimum at 1.5 km depth. The Vp/V, maximum is displaced with depth in a pattern similar to 

that found for the P and S velocity model estimates. The absolute Vp/V, level is not well detelc 

mined but overall changes of.V,/V, with depth are obtained. The inability to closely reproduce 

the true V,/V, model indicates that the de velocity ambiguity is amplified in V,/V,. Conse- 

quently, interpretation of Vp/V, estimates should concentrate more on relative variations of 

Vp/v, with depth than absolute Vp/V, magnitude. 

This concludes the velocity structure section. Next, slowness gradient will be used to 

investigated how weU linearized resolution and error predictions work. Also, estimates of slow- 

ness gradient are compared as a function of the number of unknowns inverted for and the types 

of data used in inversions. 

3 A. Slowness Gradient Structure 

3.4.1. Effects of Adding S-waves, Station Corrections, and Hypocenters 

There arc two objectives here. The first is to determine what effect adding Swave data to 

progressive inversion has on estimates of P and Swave slowness gradient. The second is to 

determine the eElects of adding hypocenter and then station corrections as unknowns (cases (C) 

and (F) of Section 3.3.1) on estimates of slowness gradient. 

P-wave slowness gradient is more accurately recovered in joint P and S inversions than P- 

only inversions. Figure (3.15) shows the Psnfy inversion results for cmc (C) and Figure (3.16) 

shows P-wave slowness gradient estimates for the case (C) joint P and S invenion. P-wave 
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Figure 8.14 The true V,/V, model (solid line] is compared to estimated 
V,/V, for c u e  (C) starting model (1) denoted BS lCPS, and cme (F) starting 
model (1) denoted M 1FPS. 
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Figara.4.16 The true -P-WAVC slowness gradient model (solid line) filtered by 
the resolving kerneb for the case (G) rtartiag model (1) joint P and S inver- 
sion isdenoted as~1CF'S. The estimakd model is denoted by .EST where -2 u 
and +2 u are the minimum and maximum 2 standard error limit estimates. 



83 

slowness gradient is very accurately estimated throughout most of the model depth extent in the 

joint inversion whereas the large negative slowness gradient is underestimated and shifted in 

depth in the P-only inversion. This is in spite of the fact that more than twice as many itera- 

tions wen done (11 versus 5) for the Psnly  inversion. 

The same pattern can be seen in the case (F) results. The Psn ly  inversion for slowness 

gradient (Figure (3.17)) underestimates the magnitude of the large negative slowness gradient 

and its depth position is incorrect. These errors are much smaller for the joint inversion P-wave 

slowness gradient estimate shown in Figure (3.18). The Psnly  inversion misfit is larger even 

though the final estimate RMS residual is one third that of the joint inversion, and more itera- 

tions were done (5 vemm 3). 

The addition of Swave data substantially improved estimates of P-wave slowness gradient 

structure mer  that estimated using P-wave data alone. Since case (C) requires hypocenter esti- 

mation and case (F) requires hypocenter and station correction estimation, it is clear that the 

Swave data have help reduce errom in slowness structure estimates that arise from hypocenter 

and station correction errors. 

Case (C) results can ompared to the results of 'Padis and Booker (1983a). They noted 

difficulties with tradeofls between hypocentral depth estimates and velocity model features. The 

dc shift of P-wave slowness gradient with depth for the case (C) Psn ly  inversion correlates with 

systematic hypocentral depth mislocations to deeper depths (Figure (3.34)). The dc slowness 

gradient depth shift is expected to positively correlate with hypocentral shifts. There are 

numerous hypocenters in the depth interval corresponding to the large negative slowness gra- 

dient (Figure 3.2). Estimates of hypocentral depth are shifted in the case (C) Psnly  inversion 

to produce travel time curves with a shape a close as possible to the true travel time curves. In 

contrast, the hypocenter depth errors are much smaller for the case (C) joint inversion (Figure 

(3.32)), and the correct slowness gradient model is almost completely recovered. 

The fact that the case (F) joint inversion (Figure (3.18)) did not reproduce the true slow- 

ness gradient model as well 85 the case (C) joint inversion did, indicates that estimating station 
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Figure 5.18 The true P-wave slowness gradient model (solid l i e )  filtered by 
the resolving kernels for the case (F) starting model (11 joint P and S inverc 
sion.is denoted LU 1FPS. The estimated model is denoted by EST where -2 e 
and +2 u arc the minimum and maximum 2 standard error limit estimates. 
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corrections has added another set  of tradeoib to the -problem: The extent of station correction 

induced slowness gradient errors arc reduced in the joint inversion (Figure (3.18)), relative to the 

Psnly  inversion (Figure (3.17)), but arc not eliminated. Errors in station correction estimates 

(Table (3.4)) have induced errors in hypocenter estimates (Table (3.5)), which have in turn, pro- 

duced errors in slowness gradient estimates. Since only 3 iterations were done in the case (F) 

joint inversion, convergence close to true model values, such as in case (C), would probably 

occur in subsequent iterations. The RMS residual after ,3. iterations for the case (F) joint inver- 

sion was -0.01 sec; indicating that furtherimprovements in slowness gradient models -could be 

obtained. 

The same cannot be said for the P-only case (F) inversion; the Iulls residual was only 

0.003 sec, much smaller than the joint inversion case. The variance reduction was 28% for the 

last P-only iteration whereas a variance reduction of 59% was had for the last joint inversion 

iteration; Thus, the P-only inversion is much closer to convergence than the joint inversion. In 

fact, the PSnly case (F) RMS residual is smaller-than the case (C) RMS residual (0.003 versus 

0.005 sec). Yet; the cstimates:ofP-wave slowness  gradient in case (C) are much morewxurate, 

(Figure (335)). This indicates that the ease (F) P a d y  inversion converged to a locd minimum. 

It appears that P-wave data alone do not provide enough information to completely 

recover slowness gradient structure and station corrections using earthquake data. However, 

except for dc-depth shift, the true slowness gradient magnitude is well estimated in Figure 

(3.17)). This contnuta sharply with analogous tests of estimated velocity structure (Figure 

(3.13)), where estimated velocity rnagnitudesare incomct throughout virtually the entire-model 

depth extent. 
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1 

Table 3.6 True and estimated RMS hypocenter errors as a function of inversion case. The 
column labeled Est., contains the RMS estimated errors and the column labeled True, contains 
the RMS misfit between true and estimated hypocenter parameters. The fint number in the 
column labeled case, corresponds to the starting model used, the second character to the case 
lit in Table ( 3 4 ,  and the last two characters indicate where a joint P and S inversion was done 
(PS) or if only P data were used ( P). Case (lFPC) is the P-only inversion result with a RMS 
data misfit comparable to case (IFPS). .- 

2 



88 

3.4.2. Resolution and Error 

The data kernels for slowness gradient arc finite and square integrable facilitating 

resolution-error analysis using equations (2.59) and (2.60). Resolution and error were determined 

using the RMS data misfit from the inversions to scale error estimates. Expansion order in 

equations (2.59) and (2.60) were chosen as the maximum rank, below which, most model errors 

iiattened out. This approach uses true data misfit as an estimate of statistical errors in the data. 

Since the data are error-free, model uncertainties calculated in this manner should be close to 

true misfit e m n .  

In each of Figures (3.153.20), the true slowness gradient is shown along with the result of 

filtering the true slowness gradient by the resolving functions calculated from the corresponding 

estimated model. The estimated model should fit the filtered true model to within ita error 

bounds. If it docs not, this indicates that nonlinear effects arc important; the estimated model is 

not linearly close to the truth. 

Figure (3.16) shows the only case were linearized resolution and error estimates make com- 

pletely accurate predictions. Slowness gradient is recovered everywhere except near sharp 

discontinuities and close to the free surface where predicted resolution is poor. Predictions of 

resolution and error are less accurate near slowness gradient discontinuities in the other cases. 

Resolution errors are reduced in the case (C) joint inversion (Figure (3.18)) compared to the P- 

only inversion (Figwe (3.17)). The case (C) Swam slownes gradient estimates (Figure (3.19)) 

do not recover structure as well as the P-wave structure in the neighborhood of slowness gra- 

dient discontinuities. Sihce there arc only 294 S-wave arrival times versus 476 P-wave amval 

times, and Swave arrivals are confined to a smaller distance range, poorer S structure resolution 

is to be expected. 

The problem of incorrect resolution and error predictions is more pronounced for the case 

(F) Swave inversion (Figure (3.20)), indicating that station corrections have had a more pro- 

found effect on Swave structure than p-wave structure. The larger s-wave station correction 

errors (Table (3.4)) bear this out. However, the amount of smearing out of slowness gradient 
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structure for P and s 

gradient discontinuities in its true model. 

arable; the S model simply has more slowness 

Linearised resolution and error analysis tends to produce overly optimistic estimates of 

resolution, especially ne el discontinuities. Pavlis and Booker (1983) demonstrated this in 

a much more complete investigation of this problem than was considered here. The important 

point is that the inclusion of Swave data has reduced errors made in linearized resolution and 

error analysis. These errors still exist when Swave data are used. Probably the safest means to 

determine what features are truly resolvable in model estimates is to do synthetic tests similar 

to those done here. 

3.S. Statfon CorractSone 

Station corrections am required to account for lateral velocity variations that are not 

included in onc-dimensional velocity model parameterization. Many times the most pronounced 

lateral velocity variations are conhed to the near nutace. It be preferable to determine 

actual receiver-aite velocity variations than to use station corrections to compensate for them. 

Often this in not feasible and station corrections must be employed. As wm found in Section 

( 3 4 ,  the price paid k reduced resolution of overall velocity structure. 

As with velocity inversions, assessment of station correction esti es with synthetic data 

involves factor analysij, although the scope is reduced. The error prediction approach developed 

in Section (2.6.2) of Chapter 3 is also . Finally, station ction resolution is briefly 

addressed. 

Only two cases need be considered (1) inversion for station corrections with true velocity 

models, and (2) inversion for station corrections as a component of progressive inversion for 

velocity structure. Case (1) corresponds to progressive multiple event location (PMEL) of Pavlis 

and Booker (1983b). Case (2) corresponds to case (F) of Section (3.3.1.3). As in Section (3.3), 
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the cases of joint P and S inversion and Psnly inversion.are*also considered. 

The initial values for all station corrections were set to zero for all tests. This represents 

the minimal starting model assumption and is a good test of the robustness of station correction 

estimation. Considering the substantial true aynthetic station correction magnitudes (Table 

(3.2)), the'use of zero initial station corrections is a strong test. The true synthetic station 

corrections for both P and S have zero mean as do the initial values. 

3.5.lil. Cure i l k  PMEL R&su€ta c 

Convergence to true hypocenters and station corrections was obtained in all cases. Fewer 

station correction inversion iterations were required to attain convergence for joint P and S 

PMEL inversions than with Ponly PMEL inversions. The fastest convergence was obtained 

using a synthetic data set which consisted of matched P and S arrival times at all recording st& 

tions used for rachvvent location. Ovedl ,  PMEL proved to be tobust; hypocenters and station 

corrections were accurately recovered -despite using startingYocations and initial station correc- 

tions that wen not particularly close to the true values. 

^ I  

3.S.1.2. Case (2): Progressive Inversion 

Results of progressive inversions involving station correction estimation are summarized in 

Table (3.4). The model numbers correspond to the same starting velocity models described in 

Section (3.2.1). Emm in station corrections depended weakly on whether joint P and S data or 

only P-data .were used. The most .significant factor .controlling station correction errors was 

starting velocity model. Station correction estimates obtained using starting model (2) had 

much larger errom than those obtained using starting model (1) (Table (3.4)). This result serves 

to emphasize the importance of using the b a t  possible starting model when doing progressive 

inversions. 
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36.2. Station Correction Error Estimates 

Eatimates of station correction errors obtained using the method outlined in Section (2.6.2) 

of Chapter 2 are shown for starting model (1) in Table (3.4). The observed data misfit of the 

synthetic data was used to scale the e m r  estimates. The error estimates in Table (3.4) are 

within a factor of 2 of the true errors. The primary contribution to the estimated errors comes 

from the velocity model error contribution, C s  , of equation (2.83). The conventional statistical 

error term, Ct , of equation (2.83) is 2 to 3 orders of magnitude smaller than Cs in all cases. 

The estimated contribution of Ct should be small since the data arc error free. The entire sta- 

tion correction error is due to velocity model induced errors since true station corrections arc 

recovered in PMEL tests. Consequently, if only conventional statistical errors had been con- 

sidered, station correction errors would bc grossly underestimated. 

c 

I i l .  

2 

The dame expansion orders were used to compute Cs as were used in slowness gradient 
I 

1 
resolution and error appraisal of Section (i3.4.2). What is a bit surprising, is that the estimates 

of station correction errors arc so close to the true errors. Station correction error estimates 

may be Takly accurate because station corrections arc linear variables in-progressive inversion. 

It is not known whether-these synthetic error results would be as accurate in general. 

363. Station Correction Resolution 

la all the cases considered in Table (3.4) the station correction matrix R, of equation 

(2.48) had a, - 1 nonzero singular values and a corresponding null vector with elements equal to 

one over the square root of the number of station correctionsras predicted by Pavi i  and Booker 
~ 

I 

, (1983b). Even the matched P and S arrival time data set did not produce a full rank station 

correction inversion full rank station correction invenion might be attained in only SP 

times were used thereby eliminating origin time from progressive inversion. However, mean P 

and S station corrections would still need to be constrained to zero to ensure the integrity of 

subsequent velocity inversions. ' 

I 
I 

I *  

I 
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33. HLpocentern 

The accurate determination of hypocenter position is critical to &ord m e m u m  possible 

utility for geological interpretations. These synthetic tests of hypocenter estimation are 

designed to determine the sensitivity of hypocentral estimates errors in velocity models and sta- 

tion corrections. The accuracy of hypocentral error estimates determined using the approach of 

Section (2.6.2) are also investigated. 

3.8.1, Factor Analysis4 

The cases considered here are listed in Table (3.5) and correspond to cases (C) and (F) of 

Section (3.3.2). Starting model (2) d t s  are only considered for case (F) inversions. 

The most significant factor controlling hypocentral errors is starting velocity model. Start- 

ing model (2) mislocation errors arc much larger than those for starting model (1) (Table (3.5)). 

For case (F) starting model (2), this can be clearly seen in Figures (3.21) and (3.22) of the Psn ly  

inversion, and F m  (3.23) and (3.24) of the joint invenion. Hypocentral errors am actually 

larger for the joint inversion than for the Ponly inversion (Table (3.5)). This is due to the large 

Swave station.correction e m r s  in the starting model (2) joint inversion (Table (3.4)). In con- 

trast, the case (F) starting model (1) joint inversion (Figures (3.27) and (3.28)) and Psnly  inver 

sion (Figures (3.29) and (3.30)) have much smaller mislocation errors (Table (3.5)). 

An interesting feature of the mislocations in Figures (3.21-3.24) is their systematic nature. 

Large epicentral errors am not expected for earthquakes located using well distributed recording 

stations. One-dimensional velocity model errors alone do not produce signiticant epicentral 

errors for the recording geometry used here. The systematic epicentral mislocations in Figures 

(3.21) and (3.23) a n  due to combined station correction and velocity model errors. This illus- 

trates yet another deleterious effect of using an incorrect starting model with artificially high 

near surface velocities and assuming that velocity model errors will be absorbed into the station 

corrections. If these errors am undetected using real data (and they might well go undetected if 

only P data arc used (see Section (3.3.1.3))) the results can be misinterpretation of earthquake 

. . 
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Flgure 3.21 Epicenter midocations for crse (2F P) of Table (3.5). Small cir- 
cles show true epicentral locations and linea point from the circles to est imst  
ed epicenter locations. The circles with multiple lines correspond to multiple 
events at the same true epicenter. The dashed line from A to A’ is the sur- - . .. -*  .x- _ _ _ _ _ _ _ _ _ _ I - -  _____ ,,,&:,, ,L _..,_ :.. p:,..- 1% or)\ :ace pmjecclon 01 c n t  accompanying CIWW 855~1011 SIIUWIZ IU a I ~ I =  \u.rrp 
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38.842. MJ Sl0,CATI 0 N S- CAS 2F P ONLY 38778  
-122,829 VERT. EX. = 1.00 AZIMUTH = 145.0 -122.971 

I 

Figvre.S.22 Cross section for case (!3? P) of Table (3.5) showing true loca- 
tions 85 small circles. Lines from-the circles point to the estimated locations. 
The top of the velocity models corresponds to an elevation of -0.379 km. 
Note that several events have located above the top of the velocity model in 
the constant velocity elevation correction layer. 
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Figure 8.28 Epicenter mislocations for case (BFPS) of Table (3.5). Small cir- 
cles show true epicentral locations and lines point from the circles to estimat 
ed epicenter locations. The circles with multiple lines correspond to multiple 
events at the same true epicenter. The dashed line from A to A' is the SUP 

face projection of the accompanying ctoss rection shown in Figure (3.24). 
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Figure 8.24.Crws section for case (2FPS) of Table (3.5) showing true loca- 
tions as small cinics. Lines from the circles point to the estimated locations. 
The top of the velocity models corresponds to an elevation of -0.379 km. 
Note that many of the shallowest events have located above the top of the 
velocity model in the constant velocity elevation correction layer. 
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locations with respect to geologic features. 

The second strongest factor aKecting epicentral estimates is whether station corrections are 

included as unknowns. This is not the case for hypocentral depth where the joint P and S 

inversion with station correction has an RMS misfit comparable to the P-only inversion without 

station corrections (cases (1FPS) and (1C P) of Table (3.5); respectively). RMS depth misfits are 

a factor of 2.6 greater for P-only inversions (cases (1C P) and (tF P) of Table (3.5), respectively) 

relative to joint P and S inversions of the same case (cases (1CPS) and (1FPS) of Table (3.5), 

respectively). This is in spite of the fact that the case (1F P) inversion has an ="data misfit 

of only 0.003 sec, whereas the joint inversion (IFPS) has an RMS data misfit of 0.01 sec: When 

a case (F) P-only inversion with comparable misfit, (case (LFPC), obtained by using results of an 

iteration preceding convergence), ia compared to the &it P and S inversion (lFPS), the error 

disparity increases substantially as can be seen in Figures (3.25) and (3.26) for case (1FPC) 

versus Figures (3.27) and (3.28) for case (1FPS) (see .Is0 Table (5.5)). Similar results are 

obtained for case (C) P-ody versus Fit P and S inversions (Table (3.5)). 

x 
6 

8.6.2; Estimates of True Mia5t P 

rs. 
=. c- 
... Eatimates of hypocenter misfits errors are shown in Table (3.5) for starting model 1 cases 

(C) and (F). Both station correction induced errors, equation (2.50) (which also include their 

own component of velocity model ind d velocity model induced errom, Cs, of 

equation (2.83), are added to the conventional statistical error estimates, Ct of equation (2.83), 

to produce the error estimates in Table (3.5). T h e  same expansion orders were used to compute 

C s  that were used in Sections (3.3.4) and (3.3.5). 

For all events, the velocity model error component WBS dominant, followed by station 

* . correction error contributions approximately a factor of 3-4 smaller, and conventional statistical 

error approximately an order of magnitude smaller. Estimates of total hypocenter error tend to 

be larger than true misfit errors indicating that velocity model contributions to total hypocen- 

tral errom are overestimated. Total hypocenter misfit errors are especially overestimated in case 
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Figure 5.26 Epicenkr misloeations for cam (1FPC) of Table (3.5). Small c i r  
cles show true epicentral locations and lines point from the circles to estimat- 
cd epicenter locations. The circlu with multiple lines correspond to multiple 
events at the same true epicenter. The dashed line from A to A' is the s u r  
face projection of the accompanying cross section shown in Figure (3.26). 
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Figure 3a6 Crcea rection for w e  (1FPC) of Tible (3.6) rhowing true locsr 
tions as r m d  circles. Lines from the circles point to the estimated locations. 
The top of the velocity models~corresponds.to M elevation of 9.379 km. 
Note the systematic mislowtion of many of the shallowest events. 
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Figure 3.27 Epicenter mislocations for ease (1F'PS) of Table (3.5). Small cir- 
cles show true epicentral locations and lines point from the circles to estimat- 
ed epicenter locations. The circles with multiple lines correspond to multiple 
events at the same true epicenter. Two standard error confidence ellipses cal- 
culated using ail sourcw of error are also shown. The dashed line from A to 
A' is the surface projection of the accompanying cross section shown in Fig- 
ure (3.28). 
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Figure 8.28 Cross section for c u e  (LFPS) of TabIc.(3.5) showing true loca- 
tions as small circles. Lines from the circles point to the estimated locations. 
The-top of the velocity models corresponds to an elevatio 
standard error Iimib estimated using al1 sources of c m r  
bars about the estimated location. Note that dl true locations lie between the 
error limits. 
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(C) inversions as can be seen in Fim (3.31-3.34) and Table (3.5). In all case (C) inversions, 

true depth misfit errors am considerably overestimated. This suggests that the approach 

developed in Section (2.6.2) of Chapter 2 will tend to produce overly pessimistic depth error 

estimates if station corrections are not used. 

Estimates of true hypocenter-errors are wrong by no more that a factor of 3.4 for starting 

model (1) case (F) inversions (Table (3.5)). IT only conventional statistical errors had been used, 

true misfit errors would have been underestimated by an order of magnitude: It can be seen 

from Figure (3.29) that epicenter errors tend to be overestimated for the central group of events 

of the P-only inversion. These events have the deepest locations (Figure (3.30)) and their 

corresponding depth misfits are overestimated. Depth misfit errors for shallmer events are 

underestimated in this CMC (Figure (3.30)). W e  epicenter error estimates arc more representa- 

tive of true epicenter errors for the joint P and S inversion shown in Figure (3.!27), the overesti- 

mation of depth e m r s  for the deepest events persists (Figure (3.28)). True hypocentral depth 

errors are not a.function of depth in either Figure (3.28) or Figure (3.30). 

This discrepancy points out (L fundamental weakness of the error appraisal approach 

developed in Section (2.6.2) of Chapter 2 as applied to hypocenter mislocations. The incon- 

sistency is the result of two causes. Fintly, ray path lengths to deeper events are longer than 

those for shallow events (most ray paths are upgoing). Consequently, the estimated error of cal- 

culated travel times will be correspondly higher.'2 This tends to inflate hypocenter error esti- 

mates as source depth increases. Secondly, the ray paths for shallow events have much larger 

path percentagesin shhallow Im well resolved (and estimated) portions of the velocity models . 

than do ray paths from deeper events. Shallow event hypocentral mislocation errom are underes- 

timated (especially for the Psnly  inversions) because linearized error estimates are incorrect in 

the shallow portions of the velocity models that arc not linearly close to the true models. 

The scale length comparisons of sensitivity of hypocenter estimates to unresolved slowness 

gradient model features overestimated the sensitivity of hypocenter depth to potential unknown 

errors in the model for all cases. 
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Figure 5.29 Epicenter mislocations Tor case (IF P) of Table (9.5). Small cir- 
cles rhow true epicentral locations and tines point from the circles to atimat- 
ed epicenter locations. The circles with multiple lines correspond to multiple 
events at the same true epicenter. Two standard error confidence ellipses cal- 
culated wing dl sources of error arc .Lo shown. The dashed line from A to 
A' is the surface projection of the accompanying cross section shown in Fig- 
ure (3.30). 
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Figure 8.30 Cross rsction for CUB (1F P) of Table (3.S) showing true locik 
tions aa r m d  circles. Lines from the +irclea .point to the estimated locations. 
T h e  top of the velocity models corresponds to an elevation of 6.379 km. Two 
standard error limits estimated using all tmurces of error are plotted as small 
bars about the estimated location. Note that some true locations lie outaide 

A’ 

the error limits for the shallow events. 



107 

MELOCATIONS CASE IC P+S 
38.85 

P 

I 

0'  

- 1 2230 -1 22.75" 
38.75 - 1 22.85 

LO N C (TU-D 

FIgure 8.31 Epicenter misloc.tions for caae (ICPS) of Table (3.S). Small cir- 
cles show true epicentral locations and lines point from the circles to estimat- 
ed epicenter locations. The circles with multiple lines correspond to multiple 
events at the same true epicenter. Two standard error confidence ellipses cd- 
eulated using all sources of error arc also shown. The true mislocations are 
much smaller the the circles. The dashed line from A to A' is the surface 
projection of the accompanying CIW section shown in Figure (3.32). 
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Figure 8.32 Cross section for case (ICPS) of Table (3.5) showing true loca- 
tionseas small circles. Lines from the eircles point to the estimated locations. 
The top of the velocity models corresponds to an elevation of -0.379 km. Two 
standard error limits estimated using all sources of error are plotted 83 small 
bars about the estimated location. Note that the error limits tend to be overly 
pessimistic. 
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Figure 8.33 Epicenter mislocations for ctue (1C P) of Table (35). Small cir- 
cles show true epicentral locations and lines point from the circles to estimst 
ed epicenter locations. The circles with rnultipte lines correspond to multiple 
events at the rame true epicenter. Two standard error confidence ellipses cab 
culated wing all murces of error we also shown. The true mislocations arc 
much smaller the the circles. The dashed line from A to A’ is the surface 
projection of the accompanying ctoss section rhown in Figure (3.31). 



110 

38.841 MISLQCAflQI;(S CASE 1C. P ONLY 313.780 

-1 ,Q 

1.0 z. + 

0. 
G 
2- 2.0 
id 
J 
LLI 

3.0 

.%I 

4.0 

f - 1 '  

I -. I I I I I I I 

Figure 3.34 Cross section for case (10 P) of Table (3.5) showing true loca- 
tions.as small circles. Lines from the circles point to the estimated locations. 
The .top of the velocity models corresponds to an elevation of 9.379 km. Two 
standard error limits estimated using all sources of error are plotted as small 
ban about the estimated location. Note that mislocation errom are systematic 
and larger than in Figure (3.32). 
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Even with these problems, the linearized error estimation approach gave overall estimates 

of true hypocenter mislocation that were much closer to the truth than the conventional statisti- 

cal error estimation approach. Thus, the approach of Section (2.6.2) may be useful when 

, 

- applied to real data to get a tough idea of absolute error magnitudes, keeping the aforemen- 

tioned caveats in mind. 
* 

3.7; Summary and Conclusions 

These synthetic tests have clearly demonstrated the advantages of including -%wave 

arrival time data in progressive inversions for hypocenters, station corrections, and velocity 

stnrcture. Joint use of P and S wave arrival time data has the following advantages over the 

we of P-wave data alone: 

(1) 

(2) 

P-wave velocity and slowness gradient structure are more accurately estimated; 

Hypocenter mislocation errors are substantially reduced, especially hypocentral 

depth; 

-I--- __ 

(3) Convergence of progressive inversions to local minima is more detectable using RMS 

data misfits of P and S wave data; 
T ?  

(4) Velocity model and hypocenter estimates are much more accurately determined 

(5) Complete elastic properties arc estimated providing greater constraints for geologic 

interpretation of velocity structure. 

Interpretation of 

progressive invenion for velocity structure should concentrate more on spatial variations of velo- 

city by looking at slowness gradient resolution and error. It was clearly demonstrated that vel- 

city magnitude is not nearly as well determined. 

The dangers of wing artificially high surface velocities to locate earthquakes and invert for 

velocity structure are clearly demonstrated. High surface velocities are not harmlessly 
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incorporated into station corrections but in fact produce substantial errors in estimated velocity 

structure and earthquake locations. 

The error prediction approach developed in Section (2.6.2) of Chapter 2 for station correc- 

tions and hypocenters provide somewhat pessimistic estimates of true errors. However, these 

error estimates are much more realistic than conventional error estimates that ignore model 

induced errom. 

Adding Swaves to prognssive inversion does not completely eliminated hypocenter- 

velocity tradeo&, but they are substantially reduced. Linearized resolution and error analysis 

will stil l  yield unreliable results near strong discontinuities of slowness gradient. The errors in 

linearized resolution and error estimates are reduced when P and S data are used together. The 

only way to ensure that model fiat- are resolvable is to do synthetic tests using the 

estimated model, w done here. While this may appear to involve too much effort, the informa- 

tion obtained is of fundamental importance for reliably interpreting inversion results with real 

data. 

N o h  

'' Slowness is actually the quantity estimated in Chapter 2. Resolving functions are calculated 

for slowness and used to smooth the true slowness model. Velocity models are then taken by 

inverting slowness at each discretized depth and assuming h e a r  velocity gradients between 

depth points. 

From equation (218)  we-see that longer path lengths for a particular ray parameter mean 

will have more nonzero elements. Therefore, the term, CC:' c, the estimate of calcu- that 

lated travel time error, will correspondingly increase. 
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Chapter 4 

Progressive Inversion for Hypocenters and P-wave and - 
S-wave Velocity Structure: Application to The Geysers 

4.1. Introduction 

The.Geysers geothermal field is the site of intense microseismicity, The rate of seismicity 

at The Geysen is 45 times the regional rate (Ludwin et  al., 1982). The Geysers is also the 

world’s largest generator of electricity using geothermal energy. It has been suggested that 

seismicity in The Geysers is induced by some sspect of steam production but the specific 

mechanism has not been dekrmined (Oppenheimer, 1986; EberhartPhillips and Oppenheimer, 

1984; Bufe et  d., 1981). Of all the inducing mechanisms proposed to explain the seismicity, pep 

turbation of the regional stress Beld by volumetric contraction of the reservoir due to a net maSS 

(water) withdrawal (Majer and McEviIly, 1979) and conversion of aseismic slip due to an- 

increase in- frictional stength (Alii, 1982) remain-the, most plausible {Oppenheimer, 1986). 

A long standing question is whether The Geysen geothermal field has a distinctive seismic 

signature. Eberhart-Phillips and Oppenheimer (1984) and EberhartPhillips (1986) have done 

the only formal inversions for velocity structure in The Geysen ma. EberharbPhillips and 

Oppenheimer (1984) used arrival times from earthquakes and explosions to derive a P-wave 

velocity model for a region of which the primary producing portion of The Geysen .geothermal 

reservoir comprised a small part (e.g. <1%) of the total area. EberharbPhillips (1986) inverted 

for three-dimensional P-wave velocity structure on three scales. The smallest scale inversion 

was at only twice the scale of Figure (4.1), but comprised only three depth samples, allowing 

limited interpretation of velocity depth variations in the production sone. EberhsrtPhillips 

(1986) and Majer and McEvilly (1979) found that P-wave velocities in The Geysers production 

m a  between the Mercuryville fault to the southwest and the Collayomi fault to the northeast 

. 



115 

4 

THE GEYSERS NETWORK 
38.85 

38.80 
W 
n 

E- 
9 

38.75 

.,- A 

M 

GCR . 

GSM c. 
V 

0 2 
..1 

km GAX \' 
gin with a T and USGS station 

ent stations arc plotted as A and single 
lines are 34.5 bar 

contours (Lipman e t  al., 1978) enclosing areas of pressure decline for the year 
1977 (not available for other yean). These pressure decline contours roughly 
define the region referred to as the primary production zone throughout 
Chapter 4. Faults are shown as solid lines. Small circles are earthquake loca- 
tions estimated from progressive inversion. Note that, with the exception of 
stations GGP and GAX, all stations lie between the Collayomi and Mercury- 
ville faults, inside or in close proximity to the primary production zone. 
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were faster than regional P-wave velocities. Majer and McEvilly’s (1979) results from multiple 

event Wadati plots indicated that Vp/V, may be lower in The Geysers production lone than in 

the surrounding region. Gupta et al., (1982) obtained regional estimates of half-space P-wave 

and Swave velocities and used multiple event Wadati plots to estimate Vp/V, for a region con- 

taining The Geysers. However, their Swave resuits arc not reliable because only vertical com- 

ponent seismograms where used to determine S-wave arrival times, a point that wil l  be dis- 

cussed in more detail later. 

The goal here ia to focus on the P and Swave velocityatructure in the primary.production 

20ne of The Geysers located between the Mercuryville and Collayomi faults (Figure (4.1)). An 

estimate of Swave velocity structure is needed, in addition to P-wave velocities, in order to 

make inferences about physical properties such as fracture density and fluid saturation in the 

production zone. 

< I. .‘. 
Analysis of P-wave travel times to USGS permanent stations from earthquakes in The 

Geysers indicate signxcant lbteral velocity variations outside the primary steam field. 

Eberhart-Phillips (1986) bds that P-wave velocities northeast of the Collayomi fault and 

southwest of the Mercuryville fault are lower than those found in the primary production zone. 

P-wave travel times from Geysers earthquakes to USGS stations located between the Collayomi 

fault and Mercuryville fault exhibit very little scatter (10.03 sec). For stations outside these 

boundaries, travel times from earthquakes in The Geysers vary dramatically, with delays as 

-1 

large (u 0.4 seconds to stations located northeast of The Geysers near Clear Lake. Refraction 

data recorded by stations -outside The Geysers from explosions in-The Geysers - show a similar 

travel time pattern (EberharbPhillips, 1986). Majer and McEvilly’s (1979) analysis of refraction 

data from explosions outside The Geysers are consistent with these results. 

Our goals were to determine P-wave and Swave velocity structure in the primary produc- 

tion zone of The Geysers and to locate microearthquakes there. The results of prospective 

approach to estimate velocity structure at The Geysers were required to meet the following set 

. 

of requirements: (1) velocity models must be estimated in a form suitable for calculation of 
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synthetic seismograms; (2) S-wave velocity StNCtWe must be estimated along with P-wave vele 

city structure; (3) estimation of microearthquake locations must be carried out as part of the 

process; (4) seismic sources and &cording stations must be located primarily in the producing 

steam field; and (6) recording stations must be distributed in a way that provides adequate 

azimuthal and range coverage to constrain earthquake locations and provide velocity informa- 

tion. The methods used in Chapter 5 to calculate synthetic seismograms require laterally home 

geneous velocity models. Consequently, seismic velocity models vary with depth only. The 

assumption of lateral velocity homogeneity is justified because, as discussed above, P-wave 

travel time data from stations within the steam field, exhibit very little scatter over a wide 

range of azimuths. Requirement (4) follows from the desire to determine seismic properties of 

the rtesm field, but is also forced upon us by the obvious lateral velocity variations outside the 

field. 

No inversion approach existed that satisfied tht  &st three requirements. The results in 

Majer and McEviUy (1979), Gupta, et d. (1982), Eberhart-Phillips and Oppenheimer (1984), and 

Ebethatt-Phillips (1988) do not satisfy the last two objectives. Eberhart-Phillips and 

Oppenhtimer's -( 1984) parameterization of P-wave velocities required the use-of constant velo- 

city layers. Layer thicknesses were determined to obtain acceptable resolution. Consequently, 

velocity discontinuities at layer boundaries are somewhat artificial making their results unsuit 

able for calculating synthetic seismograms. Consequently, in Chapter 2, a progressive 

hypocentewelocity inversion method was developed to satisfy the first three requirements by 

extending an approach developed by Pavlis (1982) exclusively for P-waves, to incorporate S- 

time data to estimate hypocenters, s 

velocity models. 
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4.2. Data 

Although the USGS operates a permanent network of eight seismic stations in close prox- 

imity to The Geysers, only one station records three components of ground motion. To provide 

reliable Swave arrival time data, a nine station temporary network of the-component digital 

event recorders wm deployed in The Geysers from July 21, 1982 to August 15, 1982. Data were 

recorded at 200 samples/sec. Requirement (4) placed constraints on station locations; all km- 

porary stations were deployed in the primary production zone. Temporary station locations.are 

shown in Figure (4.1) along with permanent USGS stations. It should be-noted that throughout 

this chapter the convention is adopted that negative elevations correspond to elevations above 

mean sea level. Station elevations are listed in Table (4.1). Since station elevations variations 

exceeded 1.0 km, s special travel time calculation procedure, described in Appendix A, was 

developed to calculate travel times for stations at varying elevations. Actual ray paths were I. 

calculated instead of using vertical path approximations. Proper accounting for-statior eleva~ - 

tion diflerences is important to obtain reliable hypocentral depth estimates, given that station 

elevation differences are of themune order as sourceadepths. The temporary network had an 

aperture of approximately six kilometers.. This limited the resolutionaf S-velocity.inversiom at 

deeper. depths, due to restricted wave depth penetration at small 08Sets. Larger oftsets provided 

by USGS permanent stations helped provide somewhat better resolution of deeper P-wave vela- 

city structure. However, more distant stations are generally outside the primary production 

volume (Figure (4.1)), bo portions of wave paths to these stations were outside the zone of pri- 

mary steam production; 

I 

Arrival time data were obtained from the USGS btations in one of ‘two ways. Dlie to a 

change of -dubbing polib during the recording period by the USGS, waveform data were avail-. 

able only for earthquakes with coda magnitudes Me 21.5. P-wave arrival times for smaller 

earthquakes were provided by the USGS P-picker. Impulsive P-wave arrival could be accurately 

read to 0.01-0.02 sec on inkjet playbacks of USGS waveforms. Uncertainties of impulsive P- 

picker readings are 0.01-0.04 see (Oppenheimer, personal communication, 1983). Since P-picker 
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GAX 
GBO 
GCM 
GCR 
GDX 
GGP 
GMh4 
GSM 
TRA 
TSP 
TOT 
TPU 
Tps 
TPT 
TPL 
THR 
TMZ 
TPR 

-0.379 -0.045 
9.870 0.173 
-1.286 4.046 
-0.731 -0.142 
-0.931 -0.005 
-1.054 0.031 
-0.963 0.063 
-1.017 -0.110 
-0.509 0.051 
-0.549 -0.001 
5.549 0.106 
4.948 0.078 
-0.997 -0.054 
-1.020 -0.061 
-0.908 -0.096 
-1.032 -0.038 
9.888 0.046 
-0.927 0.048 

itation Correction 

Error 1 
(sec) 

0.041 
0.028 
0.033 
0.042 
0.015 
0.031 
0.022 
0.043 
0.031 
0.035 
0.020 
0.027 
0.087 
0.032 
0.037 
0.039 
0.038 
0.039 

0.019 
0.011 
0.014 
0.019 
0.007 
0.015 
0.010 
0.013 
0.011 
0.012 
0.017 
0.011 
0.067 
0.011 
0.013 
0.013 
0.013 
0.013 

Estimate 
(sec) . _1 

0.084 

O.OO0 
9.085 
0.169 
0.111 
0.117 

9.186 
-0.243 
9.087 
0.050 
0.082 

- - 
0.0456 - - 
0.045 
0.042 
0.036 
0.035 
0.109 
0.069 
0.045 
0.027 
0.050 
0.057 

Error 2 
sec) - - - - - 

0.023 - 
7 

0.018 

0,027 
0.020 
0.087 
0.015 
0.017 
0.019 
0.018 
0.018 

0.047 

Table 4.l.Station names that start with a G are USGS permanent station and those that start 
with a T are temporary stations. The convection is adopted that negative elevations correspond 
to elevations above rea level and positive elevations to distance below sea level. Standard error 
estimate 1 includes an estimate of *velocity model induced e by adding those trror estimates 
to standard error estimate 2, th ntional statistical errors calculated using equation (2.50). 
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readings for emergent arrivals are highly unreliable, only the two highest quality P-picks were 

wed and were assigned uncertainties of 0.03 and 0.04 sec, respectively. 

Noise levels at the temporary stations were very low allowing a picking precision of 0.005- 

0 . O i  see for P-waves and 0.01-0.03 sec for Swaves. Accuracy of arrival time readings from the 

temporary digital stations were primady limited by clock corrections. Clock drift uncertainties 

produce a lower bound on temporary station arrival time uncertainties of 0.01-0.03 sec. A con- 

servative estimate df the .combined clock drift uncertainties and picking, uncertsinties for the 

most impulsive arrivals at temporary stations is 0.04 sec. Consequently, the best USGS P-arrival 

times were assigned uncertainties of 0.02 sec and the best temporary station P-arrival times 

assigned 0.04 sec uncertainties. 

Swave arrival times wen read exclusively from horizontal component seismograms. S 

wave arrival times estimated from vertical component seismograms at The G e y s e ~  arc not reli- 

able. Figure (4.2) shows the large errors that can result if 6rst-Sarrival times are picked from 

verticd component seismograms. After analyzing over -500 three-component seismograms from 

The Geysers area, it wu clear that Swave arrival times estimated from-vertical component 

seismogram are not reliable. Similar results haveebeen observed in the Mississippi embayment 

near New Madrid (Andrews et al., 1985). 

Of all events recorded, 39 earthquakes were recorded that had at least 10 P and Sarrival 

time readings and located in the recording network (Figure (4.1) and Table (4.2)). These earth- 

quakes were used as input for prognssive inversion. Assigned pick uncertainties were used to 

weight arrival time-readings. The best quality picks had uncertainties of 0.02 see. Therefore; 

0.02 see is used as the data standard error for x2 tests of goodness of fit for progressive inver- 

sion. 

A total of 469 P-wave arrival times and 294 Swave arrival times wen used. Earthquake 

coda magnitudes ranged from 1.0 to 3.0 for the data set. The relatively small number of earth- 

quakes recorded over the three week period can be attributed to the low gains used at tem- 

porary stations, and telemetry problems with the USGS network during the recording period. 
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Figure 4.2 A thne-componeat seismograms recorded tation TPU (Figure 
(4.1)) from an earthquake in The Geysers that occ on 84-5-82 (Table 
(4.2)).% The vertical component is labeled GPUl, the east-west oriented hoe 
izontal component is labeled GPU2, a d  the north-south oriented horizontal 
component is labeled GPU3. The true S P  time (SZ-P), obtained using the 
horizontal componenb to read Swave urival time, is 0.90 rec. If only the 
vertical component were available, the estimate of S-P time (Sl-P) would be 
0.S7 rec. This would results in a total S-P time error of 0.33 scc which 
represents $795 of the true SP time. 
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Date 

7-21-82 
7-22-82 
7-23-82 
7-23-82 
7-26-82 
7-26-32 
7-26-83 
7-2&82 P 

7-29-82 
7-2942 
7-3882 
7-31-82 
7-31-82 
7-31-82 
8- 1-83 
8- 2-82 
8- 3-82 
8- 3-82 
8- 3-82 
8- 3-82 
8- 4-82 
8- 5.82 
8- 5-82 
8- 6-82 
8-6-82 * 

8- 6-82 
8-6-82 
8- 6.82 
8- 6-82 
8- 6-82 
8- 6-82 
8- 6-82 
8- 6-82 
8- 6-82 
8- 6-82 
8- 7-82 
8- 8-82, 
8- 8-82 
8-11-82 

Earthquakt 

9 11 
222 
1 3 1  
19 30 
5 6  
12 59 
2250 
23 33 
1 16 
6 41 
11 40 
11 38 
21 21 
22 41 
16 38 
8 14 
16 27 
19 8 
2!26 
226 
7 6  
7 21 

9 4  
9 40' 
18 51 
18 55 
18 57 
18 59 
19 36 
19 37 
19 37 
19 37 
19 48 
23 20 
1 49 
9 8  
11 22 
2 21 

7 2r 

48.49 
52.96 
0.13 
31.49 
12.59 
19.57 
45.58 
16.42. 
12.00 
21.16 
15.73 
37.85 
56.06 
52.58 
51.19 
39.69 
52.46 
44.45 
30.61 
39.63 
40.01 
57.28 
28.80 
14.77 
38.09 
40.34 
4.65 
28.42 
51.00 
27.90 
18.39 
20.55 
51.76 
20.49 
55.35 
1364 
54.15 
31.55 
33.60 

38.8533 
38.8030 
38.8202 
38.8034 
38.7969 
38.7921 
38.7842 
38.8315 
38.8057 
38.81 16' 
38.8163 
38.8 199 
38.8231 
38.8201 
38.7970 
38.8280 
38.8032 
38.8203 
38.8024 
38.8018 
38.8064 
38.8382 
38.8026 
38.8048 
38.8148 
38.7887 
38.7898 
38.7889 
38.7885 
38.7881 
38.7876 
38.7883 
38.7888 
38.7893 
38.7889 
38.7868 
38.8171 
38.8171 
38.8144 

kcations 
Longitude 
(degrees) 

-122.8368 
-122.7770 
-122.8035 
-122.8171 
-122.8316 
-122.7782 
-122.7800 
-122.8138 
-122,7876 
-122.8024 
-122.8108 
-122.8073 
-122.7984 
-122.8074 
-122.7811 
-122.7683 
-122.8034 
-122.8024 
-122.8040 
-122.8034 
-122.7892 
-122.7815 
-122.7737 
-122.8148 
-122.8056 
-122.7752 
-122.7759 
-122.7779 
-122.7774 
-122.7763 
-122.7769 
-122.7768 
-122.7775 
-122.7772 
-122.7767 
-122.7732 
-122.8005 
-122.8035 
-122,7998 

Elevation 
0 

0.80 
0.62 
3.40 
3 .05 
1.22 
1.14 
2.49 
1.06 
0.76 
3.23. 
3.35 
3.18 
1.47 
3.21 
1.06 
3.31 
3.37 
3.35 
3.19 
3.06 
0.80 
2.45 
1.29 
2.57 
2.99 
0.88 
0.92 
0.72 
0.93 
1.06 
1.05 
1.00 
1.26 
1.08 
0.94 
0.99 
3.18 
2.85 
3.50 

Magnitude 

1.6 

1.2 
1.0 
1.3 
1.1 

1.0 
1.6 
2.0 

0.9 
0.9 . 

1.3 
2.2 
1.5 - 
2.1 
1.4 
1.2 

1.8 

1.7 
2.3 
1 .o 
1.8 
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Tabla 4.2 Earthquake locations estimated from ptognssive inversion. Positive elevation 
denotes distance below mean sea level. To convert to depth in the velocity and slowness gra- 
dient models d d  0.379 krn. Latitude and longitude are in degrees north and west, mpectively. 
Coda wave magnitudes, Me , are USGS estimates for these events. 

. 
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.. . 

Relatively low gains were required to prevent clipping of waveforms for M,-1.5-2.6 earth- 

quakes. 
* S? .t 

43. Application of Progreaaive Invemion 

The method of progressive inversion developed in Chapter 2 and tested in Chapter 3 with 

synthetic data, is used to estimate earthquake locations, station corrections, and P and S-wave 

velocity structure. Assuming that &val time data do not contain large undetected errors, the 

4.S.l. Starting Mod& 

The importance of using realistic starting models for velocity-hypocenter invenions was 

clearly demonstrated in Chapter 3. Good estimates of near surface velocity structure-are -pastic- 

ulady important to achi curate results. Fortunately, VSP data from a neighboring portion 

(0.1.5 km depth) p and s e Ge)raen geothermal field were available to estimate shall 

wave velocity structure. 

Velocities for P A d  e from the free surface to a depth of 1.5 km were obtained from 

a ondimensional trial and error inversion of th 

e t  d., (1987 

tively perturbing velocity models until they fit t 

u r i v d  timea had uncertainties of 0.001 

eL for P and S velocities in the inversion were developed by interac- 

travel time data. P-wave 

ties and small (30.5 

ere constructed by including the s m d a t  

number of linear velocity 

simplest piecewisocontinu 

fit the data. The 

produce the observed t 

their standard error. 
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&jer et  al, (1987) observed-a 11% velocity veat ion for shallow.(0.3-0..06 km depth) wave 

paths between SH and SV waves generated by rotating the vibrator orientation to two orthog- 

onal polarizations for each survey level in the well. Shear wave splitting was not observed at 

the temporary recording stations used in The Geysers. The absence of shear wave splitting 

could imply that shear wave velocity anisotropy is not significant in the primary production 

zone. However; the surface temporary station locations preclude reIiable detection of shear wave 

splitting, even if anisotropy wen present (Crsmpin, 1985). Consequently, the VSP Swave 

travel times wed to estimate S-wave.velocities~were-formed fromkthe average of SH and SV 

travel times for the shallow wave paths. Only one polarization of Swaves were available for 

deeper wave paths and those travel times were used directly. 

The resulting estimates velocities are shown in Figures (4.3) and (4.4). The highly variable 

velocities in the -top 100 meters were excluded from these models. P-wave velocities in the near 

surface iayer%angcd-from less than 1.0 km/sec to more than 4.0 km/sec. Ridley and Vantine 

(1978) observed surface P-wave velocities of 0.7-2.6 km/sec in landslide .and hydrothermally 

altered terrain at power plants 1 and 2 (Figure ( 4 4 ) .  Denlinger and Kwacb (1981) obtain avcf- 

age P-wave velocities of 3.38-2.59 km/sec for-the top Mo meters in the area near station GCR. 

Given the wide range of near surface velocities, the surface values shown in Figures (4.3) and 

(4.4) were chosen as appropriate averages for the region. Local variations from these values can 

be accounted for with station corrections. We wanted to be s u n  to use a representative average 

of near surface velocities to avoid problems associated with the use of unrealistic neawwface 

velocities in progressive inversion (see Chapter 3). 

The .W, data  provided important information on near surface velocities. P-wave veloci- 

ties below 1.5 km depth were taken from Eberhart-Phillips and Oppenheimer (1984) and 

corresponding S-wave velocities calculated aasuming a constant V,,/V, of 1.65. The starting P 

and Swave velocities thus obtained an shown in Figures (4.3) and (4.4), respectively. The VSP 

velocity models were obtained for an area between the Mercuryville and Collayomi faults but 

not in the primary production zone defined by the pressure decline contours shown in Figure 
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Flgure 4.S The P-wave starting velocity iS denote 
estimated from. progresaive~ inremion it den0 
starting model between 0.0 and 1.5 km depth 
convert from model depth to elevation,- subtract 0.318 
values. A depth node spacing of 0.1 km waa used for the progressive invep 
sion. 
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Figure-4.4 The S-wave starting velocity is denoted by 
estimated from progressive invenion is denoted by EST. 
starting model between 0.Q and 1.5 km depth-nu derived fiom VSP data. To 
convert from model depth to deration, subtract 0.379 km from the depth 
values: A depth node spacingwf 0.1 km was used for the progressive inver- 
sion. 
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EARTHQUAKE LOCATIONS 

* 

. 

.75 

as small circles i 

(u A and vertical component stati0ns.u v. The solid trace is Big Sulfur 
Creek. Fine dashed lines are the 1977 pressure decline contoun (Lipman et 
ai., 1978) described in Figure (4.1)- Dot-dash lines are faults. The medium-. 

nd A' is the surface projection of the cross section in 
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(4.3). Consequently, the starting ,models .werea expected to be close ,to the tm structure in the- 

primary production tone. 

Initial station corrections for both P and Swaves were set to tero. Eberhart-Phillips and 

Oppenheimer (1984) computed P-wave station corrections for USGS stations at The Geysen. 

They were not used as starting values for P-wave station corrections. Because Eberhart-Phillips 

and Oppenheimer (1984) used a high surface P-wave velocity of 4.43 km/sec, P-wave station 

corrections forJJSGS stations were set to zero to prevent biasing the present inversion. 

Convergence was obtained in 5 velocity inversion iterations of pmgresive inversion. An F 

test at the 95% confidence level indicated insi&cant reduction of variance after S iterations. 

Estimated P-wave and Swave velocities are ahown in Figurea (4.3) and (4.4). Although the 

estimated modela do not diflermarkedly from the starting models, a-vnriancemduction of a fac-7 

tor-of 12.8 waa obtained with respect to thwstarting velocity models andstation corrections. A 

reduced x2 test was done to dekrmine whether the inversion,& overfit; or unde&t.the.data. 

Define reduced x2 as 

where M is the total number of readings, Y is the number of degrees of fmdom (w= M in this 

case), ri are the travel time residuals, and u; are the estimated standard errors the data. When 

x$<<l.O the data have.betn overfit or U*x$>>LO the data have5been underfit. T h e i f i d  

mults.of the prognssive-invtrsion produced x,l ==l.OZ.for 2163 data, indicating that the inver- - 
sion meither overfit or undertit the data. This demonstrates that >a onedimensional model with 

station corrections satisfactorily fits the arrival time data within the estimated standard error of 

0.02 Sec. 

Eberhart-Phillips (1988) finds that a onedimensional P-wave velocity model with station 

corrections produces earthquake locations in The Geysers steam field comparable to those found 
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using a three-dimensiond P-wave model for The Geysers-Clear Lake region. She concludes that 

a laterally homogeneous P-wave model with station corrections can be used to obtain accurate 

earthquake locations in The Geysen. The results here collabdratc her findings for P-waves and 

also show that a one-dimensional S-wave model with station corrections is adequate for The 

Geysen primary production zone as well. 
€ 

The fact that the earthquake locations, station corrections, and velocity models fit the 

data .does not alone ensure that the estimated earthquake locations, station corrections, and 

velocity models am accurate. To determine what features of the velocity structures arc mean- 

ingful, we turn to 8 discussion of resolutioa and error. Since velocities models very similar to 

those estimate by progmsive inversion, namely the starting models, were used in synthetic tests 

of progrusive inversion, results of those aynthetic tests help delineate what features ut truly 

d v a b l e .  Results of the syathetic testa in Chapter 3 arc SLO used to help asma uncertainties 

in earthquake locations. We b y discussing velocity and slowness gradient estimates. 

4.S.S. Apprdsd o f  Velocity and S&wa 

h Chapter 3 it waa demonstrated that slowness gradient (the quantity directly solved for 

in progressive inversion) is better constrained by earthquake data than velocities. Linearized 

resolution and error analysis WBS l o u d  to be accurate for appraising slowness gradient structure 

with the exceptions that overall slowncs (gradient depth profiles may be shifted in depth and 

sharp discontinuities M smoothed and smeared. The amount of depth oslset of slowness gra- 

dient structure was found to be quite comparable for both P and Swave modck, allowing mean- 

ingful comparGons of relative changes between models IJS a function of depth. 
~ 

1 :  
l 

The estimated P-wave slowness gradient model with 95% error estimates is shown in Fig- 

ure (4.6) and the estimated Swave slownesa gradient model is shown in Figure (4.7). To help 
I -  
I determine what features are signillcant, resolving kernels (calculated from equation (2.59) using 

the same expansion orders used to estimate the errors in Figures (4.6) and (4.7)) are plotted in 

Figures (4.8) and (4.9). The resolving kernels in Figure (4.8) show what portions of the slowness 

I 
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Figure 4.6 T h e  estimated P-wave downess gradient model, denoted as EST, 
from progressive inversion is shown with pasitive and negative 95% confidence 
limits, denoted M +2 u and -2 a; respectively. To convert from model depth 
to elevation, subtract 0.379 km; 
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S-WAVE MODELS 
0.05 r 

I 

Figure 4.7 The estimated Swave slownus gradient hodel, denoted 85 EST, 
from progressive invenion is shown with paditive :and negative 45% confidence 
limits, denoted as +2 u and -2 v, respectively. To convert from model depth 
ta elevation, subttact 0.379 km. 

IO0 
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Figure 4.8 Resolving kernels for estimated P and Swave slowness gradient 
models. All kernels are normalized to unit area. Each resolving kernel con- 
tains both models because P and S modeis arc coupled in progressive inver- 
sion. The labels (P) and (S) plotted adjacent to the depth scales, denote 
which model type corresponds to the model and target depths. There are two 
resolving kernels at 0.0 km depth for each model; the first kernel corresponds 
to surface slowness, and the second to surface slowness gradient. The largests 
amplitude peaks correspond to depths that where data provide strong con- 
straints. Model depths can be converted to elevations by subtracting 0.379 
km. 
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Figure 4.9 Resolving kernels for P and Swave slowness gradient are plotted 
with each kernel's maximum value at full scale. This plot helps show avetag- 
ing widths for small amplitude kernels in Figure (4.8). It also helps show 
model tradeoffi that are dificult to see in Figure (4.8). Model positions and 
kernels are the same m in Figure (4.8). Model depth can be converted to 
elevation by subtracting 0.379 km. 
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gradient models -.best constrained-by the data. P and S-slowness gradient are-most tightly 

constrained between 1.0 and 1.5 km depth. Slowness gradient structure for both modeis arc 

poorly constrained between 0.0 and 0.7 km depth. This is the result of the lack of earthquake 

sources in this depth interval (see Figure (410)). Details in the final slowness gradient model 

estimates and velocity models in this depth range primsSily reflect features of the starting 

models. P and S-slowncss gradient resolution between depths of 1.6 and 2.0 km depth is lower 

than between 0.8 and 1.5 km due to the pacity of earthquakes in this depth range (Figure 

(4.10))- Below 2.0 km depth, P-slowness gradient resolution is good 

paths recorded at more distant USGS vertical component stations. The price paid is that a pop 

tion of these wave paths lie outside the primary steam production zone. Sslowness gradient 

resolution below 2.0 km depth b lower than for P-waves becatma dmost all S-wave paths con- 

strainiig this part of the model comspond to upgoiog wavepaths; turning S-waves are virtually 

absent in this depth range. 

Figure (4.9) shows the averaging widths of the resolving kernels more clearly and shows 

how different portions of the models tradeoff. Slowaess gradient feature in the depth range of 

1.0-1.5 km have very narrow resolving kernels and are very well resolved. P-wave slowntss gra- 

dient features have broader averaging widths in the depth range of 1.6-2.3 km, indicating that 

the small increase in negative slowness gradient at 2.0 km depth is only marginally significant. 

Below 2.3 km depth, P-wave slowness gradient resolution is fairly compact and has small errors. 

S-wave slowness gradient resolving widths an almost 1.0 km wide between 1.6 and 2.5 km 

depth indicating that the increase of negative slowness gradient between 1.5 and 2.5 km is mar- 

ginally significant. S-wave slowness gradients between 2.5 and 3.0 km depth have more<com- 

pact resolving kernels indicating that the decrease of slowness gradient between 2.5 and 3.0 km 

is significant. Below 3.0 km depth S-wave slowness gradient molving widths are broad and 

model values there retleet the starting model. 

Tradeoffi between P and S models can be seen in Figure (4.9). The strongest tradeoffs 

between models arc between both shallow, poorly resolved portions. While these tradeoffs do not 

. 
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significantly effect final model estimates (these- portions of the model are not 

changed in the iaversion), they demonstrate the coupling between P and S models in progressive 

inversion. 

The resolution-error analyois just presented is supplemented with the d t s  of synthetic 

tats of Chapter 3. Since the models estimated here are close to the models used in synthetic 

tests, mdts of thoat tests are useful to determine if features in the estimated vebcity and slow- 

ness gradient .models are-iiely to represent true structure. The find..mode?s estimated from 

progresive inversion with real data are much closer to the starting models than the "cl09c" 

starting model (1) of Chapter 3 waa to the true synthetic model used in aynthetic tests. Conse- 

quentiy, using the synthetic test results for comparison might l e d  to somewhat pessimistic con- 

clusions. 

Camparing Figure (3.20) to Figure (4.7) we see that sharp changev in §wave slowness jpr 

dient can be expected to be smoothed and smeared out in estimated modeb, bat ue Still 

representative of the true model. Comparison of F m  (3.12) nith Figure (4.4) indicates that 

the Swave rclocity variations between 0.8 and 3.0 km depth represent somewhat smeared out 

properties of true velocity structure. &low 3.0 km depth, S-wave velocities M poorly con- 

strained. Comparison of Figure (3.18) and Figure (4.6) indicate that the large negative P-wave 

slowness gradient between 0.4 and 0.7 km depth is probably I )  smoothed and smeared feature of 

the true P-wave slowness gradient structure. The estimated P-wave velocity model is probably 

representative of smoothed P-wave velocity structure between 0.8 and 3.5 km depth as indicated 

by comparison of Figure (4.3) and Figure (bll), although a small (0.19.9 km ) dc shirt of velo- 

city with depth isLa& possibility. A similar dc velocity profile can be expected for estimated 

Swave velocity structure (Figure (&LO)). 

Figure (4.11) show estimated V,/v, structure for The Geysers. The most striking feature 

is the rapid decrease of V,/V, between 0.8 and 1.2 km depth. The key question is: L this feature 

red?. The uaswer is that it is the most tightly constrained feature in the entire VD/Vs model 

and is very well rrsolved. Inspection of Figures (4.6 ) and Figure (4.7) reveal that the sharp 
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demase in V,/v, is caused by c o m b i g  a very small negative P-wave slowness gradient with a 

large negative Swave slowness gradient oyer the same depth interval. Both slowness gradients 

have excelient resolution in this depth interval (Figure (4.8)). While absolute magnitude of 

V,/v, at any point is not tightly constrained, changes of V,/v, with depth arc well constrained 

between 0.8 and 1.5 km depth. The reasons for this are clear from Chapter 3, where it was 

demonstrated that slowness gradients are much more accurately determined than velocities. 

Thus, interpretation of variations of V,/V, with depth should be done with respek to regions of 

the slownws gradient models where resolution is god.  P and Swave slowncss.gradient resolu- 

tion a h  f a y  good in the depth range of 2.5 to 3.0 km. P and %wave sbwnes~ gradients are 

almost constant in this depth interval, so amcaring due $0 imperfect resolution wilI not 

significanttp change slowness gradients. Thus, the increw of V,/V, befarten 2.5 and 3.0 km 

depth is signillcant. 

To summarize, V,, V,, and V,/V, v&ioaS between depths of 0.7 and 1.5 km, and 2.5 

and 3.O km M significant and representative of smoothed true variations. In *dditiOs, resolution 

of V ~ O M  of V, ia good between 3.0 km and the bottom of the model. However, variations in 

P-wave velocities in the deep model may be ksa representative of features in the production 

zone because portions of comtrahdng wave paths lie outside the i r amdi t e  production zone. 

Features between 0.0 and 0.7 km depth are not well resolved and M basically representative of 

the starting model. Consequently, features in this depth interval such as the shallow steam an* 

maly near power plants 1 and 2 (see Figure (4.5)) are not discussed. 

Earthquake locations with estimated.error ellipses are shown in Figwe (4.5) dong with 

power plants that were producing during the recording period. Earthquake elevations with 

estimated standard errors are showa in Figan (4.10). A complete list of hypocenters and their 

data in provided in Table (4.2). Estimaks of velocity model induced ha t ion  erron (see Sec- 

tion (2.6.2)) wen comparable to conventional statistical rtaudard emrs calculated using 
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Since cs of velocity model induced hypocenter errots proved to be 

r 3, they were not included in c for joint P and S synthetic invenion in 

Figrues (4.S) and (4.10). Results of full nonlinear synthetic ksts of earthquake locations esti- 

mates in Appendix B, indicate that nonlinear errom are not lrisnificant for earthquakes located 

inside the recording network. 

Station correction errors are listed in Table (4.1). Both conventional a t ima tu  of station 

correction errom obtained using equation e , whichhcludes an esti- 

mate of velocity model induced errors, calc ) are included in Table 

(4.1). Synthetic tests in Chapter 3 indicated that including estimates of velocity model induced 

erron p d u c e d  the mdst redistic rtation eomction error utimata. Consequently, the larger 

estimates of station torrtction emr in Table (4.1) were wed Y the station correction errom 

included in hyposenter e m  estimates using equation (2.50). Tests of hypocenter locations with 

Wthetic data in Chapter 3 indicated that estimates of hypocenters, particularly hypocentral 

depth, are+ robust when using arrival time data in progressive inversion. By 

inclu utimate of the vtlocity model uced errors, via the atation 

** d hypocenter emor in FigPns (4.5) and (4.10) represent conserpstive estimates. 

4.4. Interpretstion d E&zxmted 8 

Estimated atation corrections generally correlated well with surficial g e o b g y .  However, -. 

some station correctioos ar surface velocity varia- 

ti- alone. Locations of station with large negative station corrections (GCR, GSM, TSP, 

anomaly found by 

eld (see Figure (4.1)). The 

TSP, TPT, and 

EbetbartPhilIips (1986) 

aame anomdp might have high Sway 

- large negative S-wave station corrections. Stations with the largest positive station corrections 
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by the fact that the northwestern stations are sited on alluvial landslides, grapackes, and 

cherts, whereas, the southeastern stations tend to be sited on basalts, greenstones, and serpen- 

tinites that have somewhat higher veIocities than the sedirdentary units. The overall pattern of 

station corrections is well explained by near surface velocity heterogeneities combined with a 

high velocity anomaly in the southeast portion of the production zone BS seen in the d t s  of 

Eberhart-Phillips (1986). 

4.S. Ovuv&w of Gealogy nt The Gtymre 

The primary mervoir rock at The Geysers in comprised of Franciscan graywacke and 

metagrapwke (Stockton et rl., 1984, McLaughtin, 1981). The reservoir rock is overlain by a 

complex rrrsembbgu of mehgea, grecnstonts, rerpentinites, graywackes, and rnetagraywackes 

(McLaughlin, 1981). The main reservoir graywacke unit may be underlain by extensive 

iatrusivu (Heblcin, 1986; Stackton et a!., 1984). What lies below the intxusives is unknown. 

There b seismic evidence (Majer et al., 1987; Denliager and Kovach, 1981) fop a relocity discon- 

tinuity at elevations of 3.04.0 km that may represent a change in lithology or a tectonic boun- 

dsy. 

Extensive folding and faulting are apparent in the primary production zone (Stockton et 

d., 1984). Several northwesttrending fault zone ue evident, the most prominent being the Big 

Sulfur Creek f d t  zone which conaista.of near vertical and steeply dipping faults (Stockton et 

al., 1984). The Big Sulfur Creek fwlt zone may merge with the northwest-trending Squaw 

Creek fault tone in the mrthwutern part of-the field. Extensive thrust faults in the caprock are 

not thought to be important in idaencing hydrothermal circulation (McLaughlin, 1981). 

4.8. Interpretation of V,P, Variatbna with Depth 

. 

The variatim of VJV, with depth in Figure (4.11) are well explained by variations in 

degree of &id saturation. ToWz e t  al. (1978) and Gregory (1976) showed that V,/V, is propor- 

tional to degree of h i d  saturation. The peak of V,/V, at - 1.0 km depth in Figure (4.11) 

! 
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corresponds to the saturated condensation sone observed to lie above the primaty steam produc- 

tion zunt in many portions of The Geysers ( M o p  et al., 1985; Heblein, 1985). Due to the high 

degree of h i d  saturation in the condensation zone, relative to other parts of the reservoir, a 

maximum of V,/v, is observed. The minimum of V,/V, at depths between 1.0 to 2.5 km in 

Figure (4.11) (tlevatioru of 0.6 to 2.1 km) corresponds to the depth range of primary steam pro- 

duction ,(Stockton et d, 1964). Due ?to undersaturated .conditions, V,/v, .is lowest .in the pro- 

duction zone, reflecting depletion of pore Buids and dominance of vapor static conditions. 

Observed VJV, variations are not explained by variatioru3n fracture density. Moaa and 

Zoback (1983) found that high fractures densities produce high V,/V, and decreased V, md 

V,. The highest fracture densitiu at The G e p n  are expected to be found in the primary pro- 

duction zone at depths of 1.02.5 km in Rgure (1.11). Yet, V,/V, is actually 8 minimum in this 

depth interval. The taprock rssembiage is certainly ao more fractured than the mervoir roek. 

fact, Heblein (1965) propoas that fractuxw in &e caprock ue sealed by sericitic alteration. 

Thus, if only fracttve density where eonsidered, we would expect to h d  AV,/V, variation oppm 

i t 4  of that amwlly observed. The fact that observed var is t io~  of V,/V, with depth are the 

*opppsite d that predicted by lracture density done, rtrengtbens the interpretation that 

observed variations of Y,Jv, between 0.5 and 2.S'km depth ue caused by variations of h i d  

saturation. 

It u interesting to note that Majer et  d., (1987) obseked a sharp drop of V,/v, at an 

elevation of 0.6 km where producing steam entries L the VSP well started. Although the VSP 

M done reverai kilometers outside the primary production sone, t levation of their observed 
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4.7. Discussion of Mod& for The Geysers Geothermal Rwetvoir 

Condensation zones immediately above the primary production zone are found in many 

parts of The Geysers (Stockton, et  al., 1984, Mogen, et al., 1985, Heblein, 1985). These conden- 

sation zones are the result of vapor upflow from the main Geysers reservoir (Mogen, et al., 

1985). The V,/v, maximum at an elevation of 0.5 km is the seismic signature of the c o n d e n  

tion .zone. Immediately below the condensation zone, is the zone of primary -steam production. 

The vaat majority of steam entries at.The Geysers (Stockton, et d.,-1984) lie in the region of 

lowest-VJV,.. The minimum:of V,/V, atLdepth-of primary production is due to maximum 

depletion of pore fluid there, due to long term production d the porous low permeabiiity rock 

there (Pruess and Narssimhan, 1982). Pore fluid depletion decreases with depth (increasing 

V,/V,). Seismicity in the mast depleted portion of the production zone (depths of 1-2 km in 

Figare (4.10)) could be caused by volume changes as fluid is extrasted from the reservoir rock 

(Majer and McEvilly, 1979). Using seismic focal mechanisms and geodetic information, 

Oppenheimer (1986) has concluded that the shallow earthquakes M induced primarily by 

volume changes in the ruemir. This conclusion, is consistent with the findings hut,  which 

indicate that the rhallawest reismicity is located in the depth of maximum volume change (pore 

fluid depletion). As the production zone (and thus pore Buid depletion) extends to greater 

depths mer  time, the shallow seismicity should extend downward, Wing the seismic gap evident 

in the elevation range of 1.5 to 2.5 km in Figure (4.10) and in the more extensive data of 

EberhatePhillips and Oppenheimer (1984). 

Oppenheimer (1986) suggests that induced seismicity could be actively extending the verti- 

cal fracture oystcm thereby enlarging the source region of steam withdrawal. If the shallow 

seismicity is primarily a result of volume contraction due to production of pore h i d ,  this has 

the following implication. Production of steam induces earthquakes, which then expand the 

potential volume of steam production by expanding fracture networks (ateam production t pri- 

marily controlled by fractures). Thus, steam production and induced earthquakes would act as 

a fedback pair, helping to sustain each other as long as production could be sustained. 
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An alternative interpretation, is that the >increase of VJV, ,and decrease of seismicity in 

the devation interval between 1.5 and 2.5 km could be caused by a major change in rock type 

or properties. Heblein (1986), postulates the existence of an extensive felsite intrusive lying 

immediately below the main reservoir graywacke rock. The shal seismicity is generally 

codned to the depth range of the mervoir graywacke unit. Even though permeabiiities arc 

rather low in the rue acke, the largest volume of steam production xodd be tonff ned 

to the graFacke, wi the felsite intrusive, due to 

its much lower matrix permeability and I u s  extensive fracturing. Then, most of the volume 

would be confined to the grapacke unit. Lower 

reismicity would be txpected in the depth range d the felsite intrusive due to much lower 

volume changes &here. The deeper reismicity {at 8 km elevation) could be rtlated to tectonic 

nts being removed 

hange &ted with production of pore 

proctsscs. For instance, The G p e n  might be in 8 pull-.part basin between ta strike-slip fault 

spstema (the Makama and ayomi fa&), but this interpretation is not well supported by 

aiiable data (Oppenheime team entries that ut observed in the intrusive (Stockton, 

d correspond to txtcnsiv 

Earthquake tocations appear to be confined to two distinct depth intervals. Shallow 

usociated with production of steam in the msin 

memoir graywacke. The deeper seismicity at tfwatiom of S.0 to 9.5 km may be usociated 

with the depletion of Buid from a second reservoir associated with a change of rock type or tec- 

ions of 0.60 to 1.5 km 

*.- . 

4, 

- -  
c 

. Seismicity is low in the elevation interval of 1.5 to 3.0 km between these two 

mervoin. This pattern can be seen in t&e.extemive earthquake data of Eberhart-Phillips and 

ppenbeimer (1984), but is partially obscured by rcatter of their hypocentral depths, particu- 

alce locations between the free surface and lady &location of shallow seismicity. Their t 

an elevation of 0.5 km are suspect, due to enom in assumed shallow P-wave velocity structure, 

lack of accounting e variations of statim elevations, and the fact that only P-wave data 

were d. As demonstrated in Chapter 3 with qothetic data, the combination of these factors 

produces hypocentral errors to 1.0 km with tmr frte data for shallow earthquakes at The 
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Geysers. Thus, the earthquakes located between 0.0 and 1.0-1.5 km depth by Eberh-Philiips 

and Oppenheimer (1984) arc probably mislocated and instead lie over a fairly narrow elevation 

interval of 0.5-1.5 km. The deep cloud of hypocenters of Eberhart-Phillips and Oppenheimer 

(1984) arc a b  probably more diffuse than the true seismicity in that depth interval due to lim- 

ited earthquake depth resolution of P-wave data. 

The following model is proposed for The Geysen which satisfies dl currently available 

seismic, gravity, geodetic, and geologic data. The Geysers is characterized by two distinct reserc 

voin separated by a more %uid satutated.unit of v low ptrmeabity, possibly an extensive 

intnwire, hydrothermally sealed unit, or unfractured unit of low permeability. Hydrothermal 

duid circulates from the deep reservoir though vertical fracturu into the shallow reservoir. Low 

V,/V, indicates that steam is .to being produced from the pore fluid of shdIow reservoir rock 

m proposed by Pnress and Natasimhan (1982). The depletim of fluid in both reservoir horizons 

and ruulting volume change have induced seismicity due to subsidence, contraction, and possi- 

bly eonvenion of ueismic slip to stick-slip due to deposition of silica on producing fractures 

(JUES, 1982). Shdlow seismicity is primarily eonhed to the elevation interval of the shallow 

productionn zone due to mass withdrawal ampMcation of contraction and subsidenee effects 

there. Since tithostatic strrsses are proportionally small compared to horizontal contraction and 

regional stresses for these shallow elevations, Rsulting carthquakes hare reverse and strikeslip 

mechanisms m proposed by Oppenheimer (1986). The mass withdrawal and resulting sub- 

sidence in the deep reservoir inducts earthquakes immediately above and inside it. Normal 

faulting is observed hen because subsidence.t localized and lithoststie strekes arc much larger 

at these depths (Oppenheimer, 1986). The deep earthquakes appear to cluster about a possible 

tectonic or tithological boundary suggested by seismic reflection data. 

The mechanism proposed by AUis (1982) could also explain the correlation of earthquake 

locations with tones of Buid depletion. In his model, dehydration of the reservoir is associated 

with movement of ffuid to fractures. Silica is deposited on producing fracture surfaces and clay 

and fault gauge are hardened due to dehydration. The resulting increase is the caefjicient of 



friction would convert aseismic creep to stick-slip movement. 

The deep earthquakes are confined to a much smaller area of the field than the shallow 

seismicity (Eberhart-Phillips ppenheimer, 1984 and Figun ,(4.10))- This is due to the fact 

that deep reservoir depletion is dependent on extensive vertical fracture systems to allow migra- 

. tion of Buid up to the shallow production zone. The location of the deep earthquakes suggests 

that hydrothermal fluid migration .is associated with a fault zone between the Big Sulfur Creek 

and Squaw Creek fault systems. It appears that the extent of these vertical fractures is limited. 

Thu~,,a s d e r  volume of the deep reservoir is being depleted due to restrictions on flow and a 

smaller volume of deep seismicity is observed. 

This model of The Ceysen is obviously much dmplifiied because of the limited data avail- 

able, especially .bout lateral variations of material properties of the steam field. The elevation \ 

and extent d the condensation zone are UeIy fo vary laterally. This model resembles that pro- 

posed by White e t  al., (1971) in that it involves migration .of Buid from .a deep reservoir. Pro= 

duction in the sh&ow rtservoir’is probably the result of hydrothermal circulation of Buid from 

the deep reservoir combined with the production of steam from the shallow reservoir rock as 

described by PNWS rad Nuasimhan (1982) rrbulting in depletion in the shallow field I; 

*c and tow VJV, there. 
- I  

The ptoposed model is quite speculative. Determination of the rock properties immedi- 

ately below the tone of primary production will m e a l  how reatistic this model is. The must 

he model is the postulation of a second deep reservoir that is located 

term of which is far from conclusively pro- low a seismic discontinuity; th 

indicatioas of a posteritical reffeetion arriving several seconds after 

f more than 5.0 km from earthquakes recorded at 

ling of these phases may provide =me the +dgu of the 

.. constraints on reismic properties of the structure between 5.0 to 4.0 km elevation in the steam 

field. 

. 
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4%. Summary and Conclusions 

The top of the skam mervoir u cleatly defined by a large decreases of Vp/V, St the con- 

densation zone-production zone contact. The depth interval of maximum steam production 

coincides with minimum observed Vp/V,, and Vp/V, increases below the shallow primary p m  
c 

duction zone suggesting that reservoir rock becomes more fluid saturated. These results suggest 

that VSP’and crosshole combined P and S-wave surveys could be used to map hydrothermal 

convections cells by delineating stesm-eondensation zone boundaries. 

If the model proposed above proves to be .valid, it could have profound consequences for 

determining the potential to expand production to greater depths. If the graywacke unit has 

considerable unproduced portions at greater depths, the prospects for expanding production are 

good, especially if the production-earthquake feedback mechanisms is actually occuring. If, how- 

ever, the pywacke unit is substantially depleted m d  increasing production requires producing 

steam from an intrusive unit or impermeable graywacke unit, the prospect are not as good. 

Producing *am entries are much rarer below the main production zone than in the main pro. 

ducing graywacke md metagraywacke (Stockton, e t  d., 1984) and aeem to require large inter- 

aecting fracture rystems. Obtainiig production from the underlying units would seem to entail 

the diflicult taak of delineating zones of extensive fractures. While this might become teasable 

to some extent using multi-offiet P and polarized S VSP sumeya (Majer, et  al., 19871, it would 

be difficult. 

The delineation of condensation zones is critical in terms of deciding when to drill produc- 

tion web. Heblein (1985) emphasized the hxiportance of determining the horizontal and vertical 

boundaries of hydrothermal cells which define the maximum volume dimensions of productioa in 

spcci5c portions of the memoir. These boundaries may be characterized by condensation zones 

that have prominent VJV, signatures. Thii suggests that high resolution P and S VSP and 

crovhole m e y a  may prove very useful for Bnding the horizontal and vertical boundaries of 

hydrothermal cells. 

r 
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Finally, this study highlights the practical benefits of doing progressive inversion using 

both P and Swave data Careful accounting for station elevation differences and low near s w  

face velocities resulted in well constrained earthquake locations., Improved earthquake locations 

and estimated VJV, structure allowed more debitive correlation of seismicity with specific 

features in The Geysers geothermal field than would have been possible using P-wave data 

alone. 
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Chapter 5 

Inversion for the First Degree Moment Tensor of 
Microearthquakes at The Geysers Geothermal Field 

&timates of seismic source propertiesare one of the most important pieces of information 

extracted from recordings of microearthquakes. Source studies using microearthquakes can con- 

strain the mechanism and orientation of faulting in an area and provide estimates of principal 

stms orientations. These estimates form the basis for interpretations about ongoing deformilr 

tion assaciated with the earthquakes and possible relations between seismicity and ketonic 

stnsses. At The Geysers the relationship between seismicity, ketonic and locally induced 

stttsses is unclear. Based on alignment of the extensional principal stress dmction estimated 

from the aceismicity as a whole with that obtained from regional geodetic data (Pnscott and Yu, 

1986), Oppenheimer (1986) concludes that regional tectonic stresses are much larger than the 

stresses induced locally through geothermal activities. His ability to drawn firm conclusions ia 

hampered by frequent ambiguities in fault plane solutions used to infer principal stress dim- 

tions. 

Oppenheimer (1986) has demoastlrted that understanding of the relationship between 

seismicity and skam production at T h e  Geysers requires determining the source properties of 

microearthquakes there. Bufe et al., (1981) inferred that the wide variations of fault plane solu- 

tio= found at The Geysers using P-wave first motion data were a function of time. Oppenhei- 

mer (1986) estimated the stress field orientation at The Geysers from 210 fault plane solutions. 

He concludes that focal mechanisms of earthquakes at The Geysers geothermal field are a func- 

tion of focal depth. He suggests that shallow earthquake focal mechanisms arc dominantly 

strikc-slip and reverse whereas deeper focal mechanisms predominantly exhibit n o d  faulting. 
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& estimation of stress field orientation and variation of focal mechanisms with depth are ham- 

pered by the common problem of nonunique fault plane solutions. For many shallow events 

ambiguity between pure strikeslip and pure dipslip mechanisms. These ambiguities 

are not due to a paucity of P-wave Bnt motion data. Numerous P-wave first motions are avd- 

able for earthquakes 'at The Geysen owing to the extensive seismic recording network operated 

in The Ceysets area by the USGS. Often however, P-wave fint motions are h e n t  from the 

central portions of the focal-sphere for shallow events because none of the stations 

enough to the epicenter. Observations from distant stations that sample the central portion of 

I 

the focal sphere are absent due ta attenuation of microearthquake signals. Oppenheimer (1986) 

noted that for some events, fault plane rolutions were completely ambiguous; strike-dip, 

revonmelip, and n d - o l i p  aolutiom could 3t rho same b t  motion data. An alternative 

approach to estimate source mechanism rad principal stress orientations is to invert for the 

seismic moment tenson of micraarthquakes at The Ceyaen. The method of Stump and John- 

wn (€877) is used:to ntimate'fint order seismic moment tenson for several microearthquakes at 

The .Geysen geothermal Geld. 

,. .. 

r 

I - 
6.2. Source CharacterisatSon 

*. 

The moment tensor formulation i?J used to represent the seismic source in space and time. 

forces, the source can 

, only the first term of 

any point and time 

can ,be written as 
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In the frequency domain, equation (5.1) reduces to 

'?k (%',a - Gh',j(%',/;& o).M*j(% ( 5 4  

If the propagation paths effects ( C E , ~ )  arc known, one can determine the source (&) from a 

set of observational data (V, ) by solving this set of linear equations. 

In the implementation used here, Fourier transforms of the data and Green functions are 

calculrrkd, and the moment rate tensor (hj) is solved for ia the frequency domain. An inverse 

Fourier transform is used to obtain- A& in the time domain. Then is dctrended to elim- 

inate spuriow de offiets. The resulting estimates of hkij are integrated to yield M'j . Detnnding 

of i& is physically justified because the moment rate tensor elements cannot have a permanent 

dc offiet. If perfect data were available, detrending would not be required but dl seismic data 

are intriruicdy bandlimited, m d  the instruments used hen (4.5 Hz velocity transducers) have 

limited low frequency responses. ConsequentIy, detrending of h& is used. 

Since the complex frequency dependence is obtained for- each moment tensor -element, 

moment tensor elements a n  not required to have a common time ,function. This allows invep 

sion for complex sources that could have several physical e r n e  components with different time 

histories. An alternative approach is to solve for the moment tensor element time functions 
-.- using the multichannel vector decomposition (MVD) method developed by Oldenbug (1982), m 

pnsented by Sipkin (1986). Mowing dI moment knsor elements to have their own time func- 

tions eliminates errors in moment knsor estimates, in cases with source multiplicity, that are 

inherent in time domain approachs'that msume a common time function for all moment tensor 

elements (see Sipkin (1986) for some examples). 

The moment tensor characterization of seismic sources provides a means for estimating 

source properties of microearthquakes. Stump and Johnson's (1977) approach is completely gen- 

eral; no restrictive assumptions are required about physical source types or the time dependence 

of moment tensor elements. All physical source types can be included; isotropic (volume) 

sources, compensated linear vector dipole (CLVD) sources, and double-eouple sources. One prac- 

tical advantage of the moment tensor approach over fint motion methods is that i t  does not 
. 
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require nearly a many recording statioos to constrain seismic source properties. Only 6 com- 

ponents of ground motion (two omponent stations) arc required in theory, although in 

practice about is components of ground motion arc reco ded to ensure reliable results. 

Another advantage is that azimuth and takeoff angle coverage need not be as comprehensive as 

lor P-wave h t  motion approaches. Consequently, it k pcssibli to estimate source properties of 

earthquakes that are not completely surrounded by recording stations, something that is not 

possible when usiag only P-wave first motion d a t a  

This method of moment tensor estimation has not been applied to micraarthqualces 

before. Stump and Johnson (1984) have used the method to characterize nuclear explosion 

sources wing oelucfield data. Moment tensor inversions with restrictions on physical source 

type (pure deviatoric) and moment knsor time dependence have been applied to microearth- 

quake data by sailcis and H e r r m a ~  (1986). Rowever, their approach requires assuming that all 

moment tensor elements have ame .time-function and that the time function Is known. T h e  

result of this type of inversion is simply a static estimate of the moment tensor elements. Since 

the aource time function is inttisically unknown, my erron in the assumed time function will 

produce errors in the &tic moment tensor estimate. Further, if all moment tensor elements do 

not actually have the same time function, another component of error will be added to the 

static moment tensor estimate. The approach oscd here ailows e moment tensor to have an 

independent time function. This rrquires more dat ach of Saikia 

and Herrmann (1986), Langstan (19811, and Langston and Helmb r [1977), but yields mope 

complete informatio t source propertia. 

I 4  

- lL.. 

TL’- 

>. 

the time domain 

Estimated moment te decomposed into isotropic and deviatoric components. 

The relations ut 

(5.3) 
1 Mm (itropic) = yM& 6;i 

Dij (deviatoric) - M,y - Mm , (5.4) 

K prior knowledge is available about the WOUTCC, then appropriate constraints can be placed on 
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equation (5.2). Constraints on equation (5.2) were not used when inverting for microearthquake 

moment tensors. We wanted to investigate if unconstrained moment tensor inversions would 

produce moment tensor estimates consistent with the common assumption for earthquakes of a 

single doublecouple source. The frequency domain approach was used to avoid e m r s  due to 

possible source multiplicity. The point source assumption is valid for the microearthquakes used 

hen, since source dimensions arc small compared to the wavelengths represented in the observed 

. data. 

In general, .Dij is.>comprised of ,three double-couples: The ,eigenvalues and corresponding. 

eigenvectors of Dij describe the magnitude and orientation, respectively, of the principal stress 

axes acting at the source. These principal stress axes represent the quantity that is uniquely 

determined (within a range of uncertainties due to errom in Ub and G H , ~ )  by moment tensor 

inversion. Decomposition of Dij into physical source components is fundamentally nonunique 

(unless Dij happens to consist .of a single double couple) (Gellet, 1976). Julian (1986) uses 

linerucprogrzunming methods to investigate the range of possible physical source meehsnisms 

that a particular moment tensor solution is consistent with. The common approach of decom- 

p i n g  D,, into double couple and compensated linear vector dipole (CZVD) components is not 

particularly meaningful due to ita intrinsic nonuniquenesa unless it is believed that both com- 

ponents are truly contained in the seismic source. A simple shear dislocation earthquake source 

can have nonzero isotropic and CLVD components if the rupturing fault plane has nonzero CUP 

vature (Backus and Mulcdy, 1976). The decomposition of Dij into CLVD and double couple 

components d a s  give a measure of the depaure  of the estimated source from a planar faulting 

single doublecouple earthquake model. A simple measure of the departure of Dij from a single 

double couple is the ratio of the smallest and largest eigenvalues of Dij . 
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6 8 .  DataAnalyab 

A 9 station network w d  deployed in The Geysers as bed in Chapter 4 (See-Fig- 

~ ( 4 . 1 ) ) .  Data were recorded at 200.32 samples/sec using omponent 4.5 Hz velocity- 

transducer geophones. The data were anti-alias lowpsss-fiitered Using a bpole Butterworth rilter 

at 50 Hz and high-pass filtered at 0.2 Hz with two l-pole Butterworth fil before sampling. 

I The rapid decrease of displacement magnification of the'velocity transducers below 4.5 Hz, com- 

bined with the 12 bit resolution of the recording system, limited the frequency band-of good sig- 

nal to noise to the range of 1.0 to 50 Hz. 

Electrical problems with some of the recorden resulted in increased noise at low (<1 Hz) 

frequencies, so moment tensor estimates below 1 Hz are considered to be primarily noise. This 

d t mgaificautly effect the results of the moment tensor hvenioas because source corner 

frequencies for the mierocarthquaku used here are h the range of 6 to 10 Hz. It does however, 

necessitate detrending of the moment rate tensor in the ti main bs &cussed earlier. - ,  

The Green functioaa wcre- calculated using a spectral wavenumber-frequency approach 

similar to the reflectivity method uchs md MRUcr (1971). An importace diflerence is that 

the entire model between the free surface and the model bottom t the reflectivity zone; dl 

reverberations, including free surface refiections, are included. The ruulting Gmn functions 

r e p k n t  the complete medium response. Since the wavenumber response t computed aa a 

function of frequency, the frequency domain Green functions used in equation (5.2) arc had 

-- ~ 

d i m  t ly . 
To reduce problems associated with-abtion site variations of comer frequency, the data 

were lowpass Illtend using a %pole Butterworth filter at 10 Hz. Thii &io mitigated the prob- 

lems of P-wave and Swave comer frequency differen some stations. It slso 

decreased the burden of Green function computations by educing the maximum frequency 

required. The price paid is that moment tensor time lunctions will represent bwpsss-6lkred 

vcnioas of true source time function(s). 
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The P and Swave velocity models estimated for The Geysers in Chapter 4 arc used to 

specify the velocity structure for Green function calculations. Anelastic attenuation was 

included by specifying a Q model for The Geysers consistent with the results of Majer and 

McEvilly (1979). Values of 30.100 were used for Q p  , and values of 4880 were used for Qs. 

The low Q values were used near the free surface and the higher values used in the production 

zone. These low Q values were used because attenuation at The Geysers is not realistically 

represented by Q values larger than 100. 

Proper. phase matching of observed S-P times with G m n  function S-P times is important 

to ensure the success of the moment tensor inversions. Earthquake locations estimated in 

Chapter 4 were used tb define initial hypocenter-receiver azimuths and distances. Since record- 

ing station were located at different elevations, the predicted SP times for initial hypocenteb 

receiver distance did not alwaya match obscrved SP times. Hypocenter-receiver distances were 

moditid u) M to produce correct Green function s9 times. Hypocentercnceiver azimuths are 

preserved but takeofl saglea M siightly di8erent. For a few atations take-off-angtes were dtered 

by aa much aa 30 , but for most stations take-ofl-angles were not changed by more than 5 - 
10'. 

1 

Smce 8 frequency domain inversion iS used, i t  would be diffcult to use windows about cclc 

tain phases in the inversion. Small time windows about the first P and Swave p&a  would not 

provide the frequency bandwidth or molution that help to produce reliable estimates of the 

moment tensot. Truncation e k t s  due to windowing are accentuated for short time windows. 

Consequently, complete seismograms were-used for al! components in inverting for the moment 

tensor. Ten seconds of data wen used in the inversions. For stations that had shorter records 

zeros were added to give total lengths of 10 seconds. 
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6.4. InvemioaRedta 

Moment tensor inversions wen done for three earthquakes at The Geysers. Two of the 

events were shallow, approximately 2 km below station elevations, and the third event was 

deeper, approximately 4 km below station elevations. The shallow events correspond to the 

depth interval when the strikeslip, normal-slip, reverse-slip ambiguity is most pronounced. 

Oppenheimer (1986) found that most events in thbdepth range had strikeslip solutions with a 

smaller number of events having revenc-slip mechanisms. The deeper event cornsponds to the 

depth intervd when predominantly normal faulting mechanbms are found (Oppenheimer, 

1986). 

Results d moment tensor inyenion arc displayed in the foUowing manaer. The orienta- 

tions af the eigenvectors of Oti are plotted on stenographic h e r  hemisphere projections dong 

with available P-wave Snt motion data. The P-wave bnt motion data come from the temporary 

network and USGS stations. In order to obtain .s many Snt motions as possible, USGS stations 

outaide the primary productioa zone at The Geysen were used. The P-wave velocity model 

estimated in Chapter 4, is not adequate to accurately determine uimuth and takeoff aagles for 

atatioos outaide The Geyaers for two ICIWM. Fintly, P-wave velocities arc only estimated to a 

depth of 4.0 km aad more distant station anivak correspond to rays bottoming below this 

depth, in a part of the model that is only a guess at the true velocity structure. Secondly, 

EberhartPhillips (1986) hss found rignificant lateral variations of P-wave velocity structure o u t  

side The Geysen so azimuthal estimates may be in error due to outof-verticd-plane propaga- 

tion paths. The estimated position of 6mt motions an the focal sphere of the distant USGS read- 

ings may have rubstantial uncertainties. 

While record lengths of 10 seconds were used in the moment tensor inversions, moment 

tensor results are plotted for times less than one second. This was done because source dura- 

tions arc short, app hat the Green functions do not contain coda 

ta. Also, some components of the observed 

data had rmatl noise glitches approximately two seconds after the primary Swave arrival and 
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these @tches contaminate the moment tensor time functions after &wal seconds. Windows of 

less that one second were used to detrend the moment rate tensor. Since source durations were 

short for these microearthquakes, this approach is reasonable. 

6.4.1. Event 2181638 

The location of this event is shown in Figure. (5.1) along with the 7 stations used in the 

moment tensor inversion. Threecomponent seismograms were available at all stations yielding 

21 componmw a f  ground.motion for the-inversion. Thb event had a USGS Me of 1.6 and the 

inversion yielded a scalar moment estimate of k: 2.0X10'0 dyne-cm. The first 0.5 seconds of 

the principal streyl axes orientations, tstimated from the moment tensor inversion, are displayed 

in Figure (5.2). It can be seen that the orientations of the principal stress axes show only small 

variations with time except for the intermediate uis at early times. 

The fadt plane solution shown in Figure (5.2) is well constrained by the distribution of P- 

wave-fint motions. Note that the P and T principal strus directions predicted by the P-wave 

&st motions agree with the moment tensor estimates (Table (5.1)). The magnitude of the intep 

mediate stress axis was about 0.25 that of the maximum strus for much d the time intewal 

shown in Figure (5.2). Since the intermediate stress is nonzero, the intermediate axis is not 

required to coincide with the intersection of the nodal planes. 

If the north-most and wutmost ddatations were unavailable in Figure (5.2), a normal 

faulting mechanism would be compatible with the remaining P-wave first motions. The moment 

tensor solution precludes this mechanism aj 6eing significant for this event. 

6.4.2. Event 2181937 

The location of this event is showa in Figure (3.3) along with the 6 stations used in the 

moment tensor inversion. A total of 17 components, consisting of 8 vertical and 11 horizontal 

components, were used in the inversion. This event had a USGS Me of 1.8 and the inversion 

yielded a moment estimate of sz 8.0x 10'' dyne-cm. The first 0.5 seconds of the principal stress 
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DEPTH 2.5384 
LONOlTUDE -122.781 1 

N 

E 

D 

S 
Figure 6.2 Lowephemisphere qual-area-stereographic plot of P-wave first 
motions, time varying principal stress a e s  estimated from the moment tensor 
inversion, and doublecouple fault plane solution for event 2131638. Compres- 
sional and dilatational P-wave first motions are plotted as (C) and (D), resptc- 
tivety. The tension axis starting time point is denoted by the large (T) and 
the finedashed line is its time history, where the arrow heads point toward 
the next point in time. Broken lines spanning the plot represent excursions re- 
quired to plot stress axes points solely on the lower hemisphere. The compres-.. 
sion axis starting time is denote by a large (P) and its time history by a 
medium-dashed line. The intermediate stress axis start time is denoted by a 
large (I), and its time history by a dotdash line. The solid lines are nodal 
planes drawn to satisfy the fint motion data. The inconsistent compression in 
the upper right quadrant corresponds to a distant station and its position is 
subject to errors as described in the text. 
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EVENT 21 81 937 
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Figure 6.3 Map ahowing relation of earthquake 2181937 epicenter (small cir- 
cle) to stations (A) used in moment tensor invenion. The hypocentral depth 
is 2.42 km below .n elevation of 1.28 km above aea level, representing a sz 2 
km depth below the recording station elevations. Note the epicenter-station 
recording geometry has an azimuthal gap of x 250'. The range of epicenter- 

ides good takeoff-angle coverage, 
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Figure 6.4 Lower-hemisphere equal-area-stereographic plot of P-wave first 
motions, time varying principal stress axes estimated from the moment tensor 
inversion, and double-couple fault plane solution for event 2181937. Compres- 
sional first motions arc plotkd as (C) for impulsive arrivals and (+) for emer- 
gent arrivals. Dilatational P-wave first motioas are shown as (D). Convention 
for principal stress axes is the same = in Figure (5.2). Broken lines spanning 
the plot represent excursions required to plot stress axes points solely on the 
lower hemisphere. The solid tines arc nodal planes drawn to satisfy the first 
motion. data and the moment tensor estimates of principal +stress orientations. 
The long-dashed line nodal planes represent a solution compatible with the 
first motions. Nok that a wide range of fault plane solutions, ranging from al- 
most pure normal faulting (dashed nodal lines) to pure strikeslip faulting 
(solid nodal lines) arc compatible with the P-wave first motions. 
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axes orientations, estimated from the moment tensor inversion, are displayed in Figure (5.4). It 

can be seen that the orientations of the principal stress axes show only small variations with 

time. This is in spite of the fact that there is a large azimuthal gap in station coverage. 
1 .  

The fault plane solutions shown in Figure (5.4) demonstrate that a wide range of focal 

mechanisms are consistent with the P-wave 8nt motion data. Solutions ranging from nearly 

pure normal-slip to p u n  strike-slip arc consistent with the 8nt motion data (Table(5.l)). The 

moment tensor inversion solution has a intermediate axis that is small indicating that a single 

, 

< 

double couple is dominaut. Consequently, the intersection of the nodal planes should coincide 

closely with intermediate axis position for any fault plane solution consistent with the first 

motion data. Thrts, the moment tensor solution constrains the solution to be dominantly strike- 

slip. 

This is the type of event that made Oppenheimer’s (1986) reduction of his fault plane 

solution data difficult. The P-wave fint motions arc consistent with both strike-slip mechanisms 

(postulated shallow event mechanism) and normal-slip mechanisms (postulated deep event 

mechanism). He would have been forced to discard this event since it contains no constraints 

with respect to the depth-dependenbfocd-mechanism hypothesis. Here, the moment tensor -ti- 

mate constrains the focal mechanism to be dominantly strikc-slip, consistent with 

Oppenheimer’s (1986) predictions for shallow events. 

S.4.S. Event2 

The location of t (5.5) dong with the 7 stations used in the 

moment tensor inversion. A total of 17 components, consisting of 7 vertical and 10 horizontal 

components, were used in the inversion. This event had a USGS Me of 2.3 and the inversion 

yietded a moment estimate of ss 3.0Xldo dyne-cm. The tint 0.8 seconds of the principal stress 

axes orientations, estimated from the moment tensor inversion, are displayed in Figure (5.6). It 

can be seen that the orientations of the principal stress axes show only small variations with 

time. This is spite of the fact that there is a very limited range of takeoff angles represented in 
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Figure 6.6 Map showing relation of earthquake 2200908 epicenter (small cir- 
cle) to stations (A) used in moment tensor inversion. The hypocentral depth 
is 4.46 km below an elevation of 1.38 km above sea level, representing a 
x 4.1 km depth below the recording station elevations. Note that the azimu- 
thal coverage is good (e 90' azimuthal gap), but a smaller range of takeoff 
angles are represented due to the deeper event depth and the small range of 
epicenter-station distances. 
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Figure 6.11 Lower-hemisphere equal-arcs-stenographic plot of P-wave first 
motions, time varying principal stress axes estimated from the moment tensor 
inversion, and double-couple fault plane solution for event 2181937. Compres- 
sional fint motions are plotted u (C) for impulsive arrivals snd (+) for emer- 
gent arrivats. Dilatational-P-wave fint motions arc shown IM (D) for impul- 
sive arrivals and (-) for emergent arrivals. Convention for principal stress axes 
is the same-as in Figure 15.2). Findashed lines spanning the plot represent 
cxcunions required to plot stress axes points solely on the lower hemisphere. 
The solid lines are nodal planes drawn to satisfy the first motion data and the 
moment tensor estimates of principal stress orientations. The inconsistent 
compression in the upper dilatational quadrant corresponds to a distant sta- 
tion and its position is subje described in the text. 
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the d a t a  

The fault plane solution shown in Figure (5.6) is well constrained by the distribution of P- 

wave first motions. The P and T principal stress directions predicted by the fault plane solution 

agree well with the moment tensor estimates (Table(5.1)). The size of the moment tensor 

estimated intermediate stress axis was small, so the fault plane solution nodal planes should 

coincide closely with the moment tensor intermediate stress axis. 

The fault plane solution in Figure (5.6) is constrained by three first motions, the two 

west-most dilatations, and the northeast compression shown as (+). If these 3 first motions were 

unavailable, an almost pure strike-slip mechanisms would fit the 6rst motion data These t h e  

first motions would not be available for a USGS solution, since the dilatations represent tem- 

porary station readings, and the (+) is an ambiguous reading from a distant station. The 

moment tensor solution confirnw that the dominantly normal-slip solution is appropriate for this 

~ 

I 

event. This b another example when P-wave 6rst motion focal mechanisms could be com- 

pletely ambiguous with respect to the ~~~~~~~~~~~~~~~~~~mechanism hypothesis, but the 

moment tensor inversion placa strong constraints on the range of possible focal mechanisms. 

Since thi event is located in the deep portion of The Geysers, Oppenheimer’s (1986) hypothesis 

would predict that it would have a dominantly normal-slip focal mechanism. The moment ten- 

sor inversion confirms that this is indeed the case for this event. 

6.4.4. Physical Source Component Decomposition 

For event 2131638, the isotropic component (equation ( 5 3 ) )  of the moment tensor WBS 

much smaller (< 5%) than the deviatoric component (equation (5.4)) for the first 0.1 see, which 

corresponds to the rise time of the dominant moment tensor element. After 0.1 SIX, the isotm 

pic component WEU EU large as 25% of the deviatoric component. The size of the intermediate 

principal stress varied between 10% and 25% of the maximum principal stress. For event 

2181937, the size of the isotropic component was about 25% to 30% of the size of the deviatoric 

component. The size of the intermediate principal stress varied between 10% to 15% of the 
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n of maximum compressional (P) and tensile (T) axes orientations 
estimated from first-motion fault plane solutions and moment tensor inversions. The range of 
time variations of orientations of the stress 8xes are listed for the moment tensor estimates. 
Event 2181937 has an ambiguous fault plane solution so two possible Erst motion solutions are 
listed. 

. .  
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maximum principal stress. For event 2200908, the size of the isotropic component was about 

40% to 55% of the size of the deviatoric component. The size of the intermediate principal 

stress varied between 0% and 20% of the maximum principal stress. 

The estimated principal stress orientations for these three Geysers earthquakes proved to 

be quite stable and provided results consistent with observed P-wave first motion distributions. 

The decompositions of the estimated moment tensors into isotropic and deviatoric components 

were not as satisfactory. None of the estimated momen tensors corresponded to a single 

double-couple source. The widely observed quadrapole radiation pattern observed for numerous 

earthquakes at The Geysers precludes a substantial isotropic component in the moment tensors 

of earthquakes there. 

These nsults could be due to the rather unfavorable recording geometriu used in all three 

moment tensor inversions. Event 33o0908 had the moment tensor inversion with the largest 

condition numberdue.to the small range of takeoff angles represented in the data. It is also the 

event with the 1argut.isotropic component. The nonzero intermediate stress axis values arc 

small enough that they could be explained by shear faulting on curved or bumpy fault surfaces 

(Backus aad Mulcahy, 1976). Further investigations of moment tensor inversions with more 

advantageous station geometries should help clarify whether the non single-double-couple com- 

ponents of. the moment tensor inversion estimates obtained are representative of true source 

complexity or an merely inversion artifacts. 

6.4.6. Comparison of Obsvved and Predicted Seismograms 

Excellent agnement- between relative P and Swave amplitudes were obtained for all 

inversions. In large part, this probably reflects the fact that good estimates of seismic velocity 

structure (obtained by progressive inversion in Chapter 4) were used. Efforts to invert for 

moment tensors during a feasibility study using data from a 4 station three-component network 

at The Geysers (conducted prior to collecting the data used here and in Chapter 4) failed to p m  

duce the correct amplitude pattern of P and Swave phases on any components of ground 

. 
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vs=vp/lm 73 THROUGHOUT THE MODEL 
. F  0.0 KM 

Vp(z)=-O,74 Z + 312 KM/SEC 
DENSITY= 0010 2 + 2.40 GM/CM3 

Figure 6.7 Velocity mod& used tor a feasibility study of moment tensor 
invenions at The Oeysen. Results of this feasibility rtudy were used to 
design the experiment at T h e  Ceysen that ultimately provided the data tor 
Chapter 4 and the moment tensor invenions done in this chapter. 

.. 
+.." e-... 
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motion. A course thrcdayer P-wave velocity model (Figure (5.7)), consisting of two linearwa- 

dient velocity layers over a half-space, was used and Swave velocities were estimated by assum- 

ing a constant VJV, of 1.73. It is clear from Chapter 4 that this velocity model waa not 

correct. The results obtained after estimating the velocity structure were very satisfactory. Thii 

points out the critical importance of using realistic velocity models for moment tensor inver- 

sions. 

The model shown in Figure (5.7) is incorrect for The Geysers -but it would be .much closer 

to the etimated models of Chapter 4 than a small set of constant velocity layers, a parameteri- 

zation commonly employed to calculate Green functions for waveform studies of local events. 

The assumption made in Figure (5.7) of constant V,/v, WIU wrong for T h e  Geysers (see Figure 

(4.11), but also reflects an assumption sometimes made in waveform studies. 

Moment tensor inversions wen successfully done for three earthquakes from The Geysen 

geothermal &Id. Estimated principal stress orientations were comparable to those estimated 

using P-wave 6nt motions M constraints. In the case of one event, P-wave.first motions could 

not constrain the focal mechanism to the degree that almost pure normal-slip and pure strike- 

slip focal mechanisms were consistent with the fmt-motion data. The estimated moment tensor 

principal stresses constrained the focal mechanism to be almost purely strilce-slip. The moment 

tensor estimates of principal stress orientations were obtained using far fewer stations than 

required for firstmotion focal-mechanisms solutions. Seven stations were used for two inver- 

sions and .6 stations for the other: In contrast, an ambiguous firstmotion focaLmechanism was 

obtained for event'2181937, even though fint motions were used from 17 stations. 

. 

The three focal mechanisms obtained here support Oppenheimer's (1986) hypothesis that 

focal mechanisms are a function of depth at The Geysers. Specifically, strike-slip focal mechan- 

isms were obtained for the two shallow events and a predominantly normal-slip focal mechanism 

was obtained for the deep event, as his model predicts. The orientation of the minimum 
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compressive stress axes for the shallow events (events 2131638 and 2181937 in Table (5.1)) is 

rotated 40' to 50' clockwise, with respect to his estimate of 105' as the azimuth of least 

compressive stnss for The GeGekk Since only two events available for comparison the 

differences may not be significant. The potential of moment tensor inversions to provide well 

constrained principal stress orientations for individual events may make it possible to map local 

variations of stress by using earthquakes distributed throughout The Geysers geothermal field. 

The results obtained here were critically dependent on good estimates of velocity structure 

so as to minimize errors in calculated Green functions. The velocity model determined in 

Chapter 4, when used in the moment tensor inversions, produced the correct ratio of P and S 

wave amplitudes on dl components of ground motion, which strengthens the arguments in 

Chapter 4 that the estimated models are good oae-dimensional representations of the velocity 

structure at The Ceysen. 

The good results obtained here art a direct consequence of using P and Swave data 

together to estimate velocity e t ruct~ft ,  hypocenter locations, and moment tensors. Although 

moment tensor invemions were not done to compare the effects of using. just P-wave data to 

those using both P and %wave data, Stump-and Johnson (1977) found that inversions that just 

used P-wave maximum amplitudes were not as well conditioned as inversions using complete 

seismograms. It was clear from the synthetic fib to the data, that the Swave phases 

significantly constrained the moment tensor estimates. 

A final note is that The G e y s e ~  represen difFicult area to do moment tensor inversions. 

Topographics variations are large, reflected in the 0.6 km variation of station elevations, and 

near surface velocity variations arc profound. These factors were ignored in the moment tensor 

ere obtained despite her unfavorable station recording 

geometries for all three events considered. This shows that, with the proper attention to detep 

mining realistic velocity structure and event locations, moment tensor estimates for microearth- 

quake sources can be very robust. 

z 
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Chapter 6 

Summary and Conclusions 

The method of gressive inversion has been modified to include Swave da ta  By 

extending the method of progressive inversion to include Swave information, improved esti- 

mates of earthquake locations and seismic velocity structure arc obtained. The synthetic tests 

in Chapter 3 showed that the joint use of P and Swave arrival time data has the following 

advantages over the use of P-wave data alone: (1) P-wave velocity and slowness gradient struc- 

. _  

ture are more accurately estimated; (2) Hypocenter mislocation errors are substantially reduced, 

especially hypocentral depth; c inversions to local minima is more 

detectable using Rhjls data misfits of P and S-wave data, (4) Velocity model and hypocenter 

estimates are much more accurately determined when station corrections arc used; (3) Corn- 

plete elastic properties ue estimated providing greater constraints for e o  e interpretation of 

velocity structure. 

Convergence of p 

.%. 

The succesa of progrrssive invenion k dependent on the use of reasonable starting velocity 

models and synthetic tuts showed that rusuming unreasonably high surface velocity produces 

substantid'emm in estimate ctnrc and earthquake locations. Adding Swave data 

tradeoh, but they ivc inversions does 

tions and P and S w  

velocity structure at Th 

defined by a large decre 

reservoir is clearly 

n zone contact. The 

- 

depth intervd of maximum steam production coincides with minimum observed VJV,, and 

V,/v, increases below the shal rimary production zone suggesting that reservoir rock 

becomes more fluid saturated. The correlation of V,/V, variations with the upper condensation 

zone suggests that determining V,/V, variations using P and Swave VSP and crosshole surveys 
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may deheate hydrothermal convection cell boundaries. 

Most earthquakes appear to occur in two depth intervals. The majority of events occur in 

the depth interval (0.5-2.5 km elevation) of primary steam production. A gap in seismicity 

between the primary production zone and an elevation of k: 3.0 km is evident here and in the 

results of Eberhart-Phillips and Oppenheimer (1984). The second largest concentration of 

seismicity is found in an areally restricted region at elevations >3.0 km. Both regions of seismi- 

city. appear. to be associated with zones of fluid depletion. Seismicity could be induced by 

volume contraction due to fluid withdrawal orconversion of aseismic slip to stick-slip due to 

deposition of silica at fractures or a combinstion of these mechanisms. The apparent 

conhement of earthquakes to regions of h i d  withdrawal favor the increase of friction mechan- 

isms of Auia (1982) over the volume contraction mechanism of Majer and McEvilly (1979). The 

relatively short time period of the present data set precludes definite conclusions concerning long 

term-patterns d seismicity. A much larger data set needs to be investigated to determine if 

longer term seismicity is confined to zones of steam production. The data set used by 

Eberhart-Phillips and Oppenheimer (1984) is suited for this purpose. However, proper account 

ing for differences in station elevations and realistic near-surface velocities must be used to 

obtain reliable estimates of earthquake locations. 

One-dimensiond P and Swave velocity models with station corrections satisfactorily fit 

arrival time data to within a standard c m r  of 0.02 see. This supports EberharbPhillips’ (1986) 

conclusion that 8 one-dimensional P-wave model with station corrections is adequate to locate 

earthquakes in the primary production zone at The Geysen and also indicates that a one- 

dimensional Swave velocity model with station corrections is adequate 85 well. 

Moment tensor estimates were obtained for three earthquaices from The Geysers geother- 

mal field. Estimated principal stress directions wen comparable to those estimated using P- 

wave first motions as constraints. The moment tensor estimates were consistent with the P- 

wave first motion data and constrained the focal mechanism of an event where the P-wave first 

motion data could not. The moment tensor estimates of principal stress orientations were 
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obtained using far fewer station than required for first-motion focal mechanism solutions. 

The three focal mechanisms obtained here support Oppenheimer's (1986) hypothesis that 

focal mechanisms arc a function of depth at The Geysers. Focal mechanisms for the shallow 

earthquakes were almost pure strikeslip and the focal mechanism for the deep earthquake was 

predominantly normal-slip, as predicted by his model. The potential of moment tensor inverc 

dons to provide well constrained principal stress orientations for individual events may make it 

possible CO map local variations of stress by using earthquakes distributed in different portions of 

The Geysers geothermal field. 

The satisfactory results of moment tensor inversions using microearthquake data from The 

Geysers WM critically dependent on the good estimates of velocity structure and earthquake 

locations pmvided by the progressive inversion. This ensured that Green function mors would 

be minimized. The synthetic reismograms produced using the estimated moment tensors and 

Green functions matched the observed data well, particulruly the ratio of P and Swave amp& 

t u d a  on dl components of ground motion. Th'u strengthens the argument that the estimated 

velocity models arc good one-dimensional repmentations of the true velocity structure at The . 

e -. 

ZT Geysen. 

a t o  moment tensor 

e velocity variations arc profound. invenions. Topograp arc large and near 

By properly accounting for differences in station elevs realistic near surface vel- 

cities ctions, progress arly delineated 

and g ults were ed d e station recording geometries for all 

three earthquake considered. This shows t ensor estimates for microeakxpake 
. 

sources can be very robust. 

Progressive inversion as developed here and the moment tensor inversion method of Stump 

and Johnson (1977) provide a complete approach to determine earthquake locations, P and S 

wave velocity structure, and earthquake source mechanisms. The entire process is internally 
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consistent; earthquake .locations and velocity structure are estimated using progressive inversion 

without making any assumptions about source properties. Results of progressive inversion arc 

I then used to calculate Green functions for moment tensor inversions. Because progressive inverc 

sion WBS extended to include Swave data, complete three-component data can be used in 

moment tensor inversions. Since the joint use of P and Swave data minimizes earthquake loca- 

tion errors and velocity structure errors, the best estimate of Green functions are obtained and 

moment tensor inversion errors arc minimized. 

"lie importance of using Swave information cannot be over- emphasized. Not only does 

including Swave data reduce errors in progressive inversion, but it facilitates reliable moment 

tensor inversions when using data from a relatively small number of thret-component recording 

stations. 

The one-dimensional velocity model sssumptions used throughout this dissertation is not ... 
an inherent limitation of the development. The method of Thurber (1983) for three-dimensional 

velocity-hypocenter inversion can be simply extended to include Swave data la contrsst to -the 

onc-dimensiond case, Green function calculations for %hret-dirnensional velocity structures must 

be approximate or very time consuming if Wte difference approaches arc used. Thus, while 

moment tensor inversions can be done in cases of three-dimensional velocity variations, the most 

profound problems are accurate determination of three-dimensional velocity variations and accu- 

rate calculation of Green functions in three-dimensional inhomogeneous media. The satisfactory 

moment tensor inversion results obtained at The Geysers using onedimensional assumptions 

indicates &hat three-dimensional velocity ~ modeling and Green function calculations will probably 

not .be required in many regions*%hat*the.approach of 'progressive invemion-and moment tensor 

inversion, outlined here;. may potentially .be -applied. 

c 
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Appendix A 

Travel Time Calculations 

Hypocenter location and velocity inversion require determining travel times for first P and 

S u a v e  arrivals m a function of distance between sources and receivers. Accurate calculated 

travel times are required for reliable hypocenter locationmd velocity inversion. Errors in calcu- 

lated travel times must be small in relation to errors in observed arrival times. Travel time cal- 

culations must be computationally efficient since progressive hypocentewelocity inversion 

involves many travel time evaluations. Buland and Chapman (1983) developed a method of 

* 

travel time determination based on interpolation of r- p curves that combines accuracy with 

computational efficiency. Their method efiminates the computational burden involved with 

shooting methods of ray tracing m d  has reduced storage requirements relative to table lookup 

approaches. In addition, r - p interpolation provides the flexibility to satisfy special require- 

ments concerning elevation corrections. Their approach forms the basis for the r-p interpolation 

method outlined here. 

The basic problem is: given source and receiver distances we need to calculate travel times 

for Bnt P and Swave phases and their associated wavepaths. We start by briefly outlining the 

relations between travel time, distance, ray parameter, tau, and the theta function (Buland and 

Chapman, 1983). Distances considered here an small, leu than 100 km, so the Earth’s sphericity 

itive downward). Velocity, 

rirontal ray slowness 

define horizontal distance and I define de 

where (I (t ) is medium slowness, i ( t  1 is the an& the direction of ray propagation makes with 

the vertical, and vertical ray slowness t given by 
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. .  

TraveLtime is given by 

where 9 indicaks the integral over the complete ray path. All ray segment contributions are 

taken as positive. The range integral is given by 

The delay-time function, r (p  ), is related to T ( X )  and is given by 

and 

dT P -= 

Define the theta function os 

or substituting (AS) 

where-s is a.dltance of interest. 

Stationary-points*of the thetahnction eornspond to geometrical wavegroup .arrivals: 

so 

(A.10) 
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when 

From (A8), the value of the theta function at the stationary point is just the travel time 

s 
BUI d Chapman (1983) show that given r(p 1 and a distance z a t  which a travel 

time of a suite of phases is desired, it ia sufficient to examine the stationary points of the 

corresponding theta function. Neither X(p ) nor T(p ) arc required. Caustics produce multiple 

stationary points allowing all geometrical arrivals to be determined. The ray parameter 

corresponding to each urival is determined M a byproduct of the travel time calculation 

through (A.10). The estimated ray parameter is needed to d c u l a t e  the ray-path kernels 

required for velocity invenion and to determine takeoff mgks  at the source. 

h the absence of low velocity t o m  (LVZ), o d y  downgoing transmitted and refracted- 

wave tau branches and upgoing directwave tau branches are required t6 determine first-arriva! 

travel times for any dmtance, When a velocity model contains a LVZ, a transmitted wave aha- 

dow.occurs over a range of distances. Konly transmitted and refracted path tau branches are 

. 

used, no geometrical urivab will be.found in the shad&, and observed'data in the LVZ shadow 

zone must be discarded. A solution to tbk problem fs to inciude reflected-wave tau branches 

corresponding to nfiections fmm velocity model discontinuities in and below the LVZ. 

Geometrical naected phases from these tau branches provide travel times €or stations in the 

shadow zone. 

It is dficult  to determine the magnitude of velocity model discontinuities required to pro- 

duce observable reflected phases without calculating synthetic seismograms appropriate for the 

. Reflected tau branches 

. 

bottom of csch LVZ. This guaranteed that reflected geometrical phases fill the transmitted and 

refracted path shadow zone. It is likely that phases from some of the reflected tau branches used 



180 

would not be observable, but the approach was used for the.rollowing-reasons. Firstly, we were 

concerned that if data were discarded from LVZ shadows, the removal of’the data misfit associ- 

ated with the deleted data may result in erroneous convergence of the velocity inversion. This 

might occur if the removed data had contributed significantly to the total data misfit. 

Secondly, the fact that waves are observed in apparent shadow zones implies that these arrivsls 
~ 

I I correspond to reffected, diflrackd, or scattered waves. We simply choose to model them as 

reflected waves. 
I 

I A possible side effect of this approach is that estimated LVZs from a velocity inversion 

could have s d l e r  depth extent and larger velocity contrast than true LVZs. This would occur 
~ 

1 

when travel times for data constraining the presence of a LVZ were calculated from an errone- 

ous reflected branch originating just below the LVZ lid, when the observed arrivals actually 

corresponded to a much deeper reflected phase. 

It-may appear that we are implying that we can solve for the*velocity structure+within a 

LVZ. This is not the case. Gerver and Markushevikh (1066) showed that only the maximum 

thickness of the LVZ can be constrained from travel time data. Our approach will tend to esti- 

mate that a LVZ haa a-thickness Iws than the maximum bound provided-by the travel time 

data. With these caveats it was decided that using reflected tau branches WRI~S preferable to the 

elimination of perfectly good data. If a LVZ were found in a velocity inversion, a more rigorous 

criteria could be developed to decide what (if any) reflected branches should be included. 

Given the aforementioned choices of tau branches, we must find an appropriate ray 

parameter sampling to construct.theu discrete representation. Buland and Chapman (1983) sug- 

gest a quadratic ray parameterapacing 

(A.13) 

when pmd and pk are critical points. We found that (A13) works well to produce r (pi)  points 

approximately equally spaced in range for downgoing branches. A cubic ray parameter spacing 

(A141 pi - p.ad - j 5  * 6p j - 1,2 ,..., L 

e 
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was found to produce more evenly spaced r (pj ) in range for upgoing branches from the shallow 

source depths (0-5 km) considered here. 

In the neighborhood of caustics 85 tixed at a small v e to ensure monotonic varia- 

tion of range within discrete tau intetvals (between r ( p j )  and r(pj+l)). For very shallow 

sources bp for upgoing branches was made a function of source depth to ensure proper distance 

spacing. Ray parameter spacing for a velocity model need be determined only once for d o w n p  

ing branches between critical points. However, when a source does not reside at a depth 

* 

c 

corresponding to a critical point, optimal ray parameter spacing is determined anew for each 

new source depth between the source critical ray parameter and the next critical point below it. 

The iame approach is used to determine optimal ray patsmeter ipacing for the upgoing dinct 

wave branch at a new m c e  depth. Thus, only incremental layer t ( p  ) and X(p ) v d u n  (to be 

dijcussed below) for a range of ray parameters corresponding to dl downgoing p a t h  of hterest 

are stored in a table. For upgoing.fau branches, the optimal ray parameter spacing, r ( p  ), and . .,- "Y 

X(p ) are computed specitically for each new source depth. 

The velocity models were discretized using plane layen consisting of linear velocity gra- 

dients. Travel time, range, and tau contributions for the i t h  layer with ray parameter pj are v a. 

L1, given by 

Arij ~ e =  ATij pj AXij (A.17) 

where the layer ia bounded by the depths q and z,-+~ with corresponding slownesses 

. ~ ( q )  2 0(~4+1)  Vi+!, At; = I q-e+l I ,'and&vi 33 R" - (4.31. Tau branches 

calculated by summing appropriate incremental layer contributions. The incremental ray path 

distances, C(q) (2.12), needed for the slowness inversion are approximated using arcs of circles 

produced by linear velocity gradients given by 
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The velocity models used here are piecewise continuous; velocity is continuous, velocity 

gradient may be discontinuous at layer boundaries. Consequently, head-wave tau branches are 

not included in this parameterization. Initial discretization wzu choaen to satisfy requirements 

for slowness inversions; normally 0.1 km layer spacing was used. For interpolation of tau 

branches, only velocitydepth points associated with velocity gradient discontinuities were 

retained to define the velocity models criticalmy parameters. 

Now, a means to interpolate the theta function must be speci6ed. Actually, the theta func- 

tion never has to be formed; only t ( p )  need be interpolated to h d  stationary points of the 

theta function (Buland and Chapman, 1983). They introduce piecewise r splines to interpolate 

?(p i )  of the form 

This interpolant is preferable to piecewise cubic splines because it incorporates the square root 

singularity in the derivative of range, f ( p  ), at the largest ray parameter, p of each tau seg- 

ment: The rangc(A.6) is given by 

x(P bi + 2ei (Ppend-P ) + 3/2di(Ppend-P )'I2, Pi SP s P i + l  (AN) 

Theta will have an extremum when 

Zei (P pend-p )+3/%' (P pend-p )lI2 + (si - 2 0 (A.21) 

which is quadratic -in (p pand-p )lD. 

Either H splines (Hermite splines fit both the function and its fint derivative exactly at 

each discrete point) or B splines (smooth splines fit the function exactly at each discrete point, 

the first derivative exactly at the 6rst and last discrete point, and have continuous first and 

second derivatives everywhere) could be used. Buland and Chapman (1983) choose B splines 

because they perform better in the neighborhood of broad caustics such as point 8 of PKP. 

Here, we are primarily interested in travel times for first arrivals, so evaluation of  pi) near 
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caustics does not present a significant problem. The potential problem of H splines producing 

numerical caustics over several ray parameter intervals was mitigated by using high precision 

for ray parameter and smaI1 ray p k e t e r  intervals near th tic. This ensured that range 

was monotonic in each ray parameter interval, guaranteeing a single contribution for each inter- 

val, except in an interval containing an actual caustic. 

H spline interpolation of (A.19) is much faster than he B spline analog; H splines are 

local and solving.for the coe&cients is simple and fast. Only the spline coefficients for range 

intervals corrwponding to dttances of interest need be calculated for the H spline approach. B 

spline inkrpohtion requires solving a system of equations for all the coefficients, although 

Buland and Chapman (1983) pre ng basis functions that reduce the compu- 

somewhat. Twice as much information must be stored when using H splines, 

r (pj )  and X(pj), than when using B splines where just r(pj), X(ppand), and X(pi ) are needed. 

However, only a small number of tau branches need be retained to determine Eat arrival travel 

times bo the rddition storage*requirements are not excessive. Computational speed was deemed 

. more important than keeping storage requirements fo an absolutt minimum. Computational 

melocity inversions with large amounts of data 

.- 

speed is the limiting factor for doing 

given the modest storage requires of the progressive invenion algorithm of Chapter 2. 

We performed extensive tests to dete 

tion and to investigate the magnitude o l  errors 

ing for tau branch interpola- 

u of travel time and p . We were 

any problems associated with using H splines in the neighborhood of caustics. 

This could be because we used a much 6 arameter spacing than bland  and Chapman 

(1983) or the fact that ometry used here (small dis d plane layers) is less likely ta 

produce proble 

c Due to the rtationarity of the theta functioa, estimated travel times an more accurate 

than tau or distance. Conseque etermine ray paths pro- 

duce estimaks of total range that have relatively larger erron than errors in corresponding 

travel time estimates. The absolute range estimate errors were small, ranging from .1 to 10 
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meters. Thus, when we used the ray. parameter estimates to trace rays to check the travel -time 

estimates we found that we were required to use a shooting approach to vary the interpolated 

ray parameter estimate to produce the correct range. As the range estimate converged to'the 

correct distance the ray traced travel time tended to converge to the interpolation estimate 

travel time. Consequently, we used the ray traced travel time, estimated using the interpolation 

estimate of ray parameter, as an upper bound on the interpolation estimating travel time error. 

It is ironic that the interpolation estimates of travel time arc more accurate than corresponding 

ray traeed estimates, but follows naturally from the-stationarity of the theta function. We 

found that using a 6p spacing that produced range intenrala of 2-3 km (except near caustics 

where much smaller bpr were used), produced travel time errors no larger than 1 millisecond. 

Integration estimates of range using interpolation ray parameter estimates had errors no larger 

than 10 meten. 

The ,H spline' approach &rded ;us an addition degree -of flexibility that was essentid .to- 

accurately and tficiently determine travel times to recording stations at widely differing eleva- 

tions. This was done in the following way. The elevation at the top of the velocity models was 

defined by the elevation .of the lowest station used. When a station was at a higher elevation, 

an additional layer was added between the top of the velocity model and that station. The 

layer thickness was defined by the elevation diflerence between the station and the elevation of 

the top of the model. The layer was assumed to have a constant velocity defined by the velo- 

city at the top of the velocity model. Incremental r (pi ) and X(pi ) contributions of this extra 

layer were added to all tau curyes. Then, only the spline cOeRicients of range intervals contain- 

ing the atation distance yye cdculattdsnd these4ntervalswed to determine &we1 times4ta the+ 

station. A B. spliit interpolation would require solving -for spline meficieats -for all range inter- 

vals of all pertinent tau branch. It is clear that the local nature of H splines is crucial to the 

ctlicient implementation of thk method. Layer thickness is adjusted to appropriate values for 

subsequent stations by adding or removing appropriate incremental t ( p j )  and X ( p j )  contribu- 

tions. 
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This approach allows accurate determination of travel times in regions with large  aria- 

tions of station elevations by determining the geometrical paths to stations at differing eleva- 

tions instead of using vertical path approximations. If something is known about velocities 

under each station, then determined velocities could be used to define the velocities in the eleva- 

tion correction layer beneath each station. 

Further computational savings are realized if certain tau branches can be excluded from 

consideration. If all recording station are located at distances less than the critical distance for 

upgoing rays, only the upgoing tau branch and spline coefficients need be calculated to deter- 

mine fint arrivals. If all recording stations are beyond the critical distance for upgoing rays, 

only downgoing tau branch contributions must be considered. 

To provide a mugh estimate of the time required to calculate travel times with this 

approach the follow example is provided. Velocity models consisted of 9 layen for P-waves and 
"b - 

8 layers for Swaves. For a source at fixed depth, it took SO CPU seconds to compute 2500 tray- 

eb times using a Digital W/VAX 780 computer. 
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Appendix B 

w Nonlinear Earthquake Error Appraisal 

B.1. Introduction 

Earthquake location is in general a nonlinear,problem. One goal of any earthquake loca- 

tion scheme is to determine the maximum likelihood location; the spatial coordinates with the 

greatest probability of corresponding to the actual position of the hypocenter. A second goal is 

to determine the significance of the maximum likelihood location relative to other prospective 

spatial locations. The second goal arises because determining an earthquake’s location is a sta- 

tistical probiem. AU information used to constrain an earthquake’s location contain errors. We 

know mmething about the nature of emra in seismic arrival times, station locations, velocity 

structure, and travel time calculations. By specifying the statistical properties of input data 

errors, their effect on estimates of an earthquake’s ation can be calculated. 

The moat common approach used to locate earthquakes is Geiger’s method (see Chapter 

1y determine an earthquake’s maximum likelihood 

on location solution statistics an not as nli- 

I 

I 

I 

able. Geiger’s method uses only one term in a Taylor series expansion to estimate hypocentral 

position. Consequently, effects of nonliiearities in the problem are completely ignored. Thurber 

r term in the Taylor 

eater position and hypocenter 

it possible to approxi 

alculus to derive a general non- 

linear earthquake location method devoid of linearizations. The result of their approach (called 
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PDFLOC here) is a probability density function, p.d.f:, for thespatial position of anaarthquake 

hypocenter. PDF'LOC satisfies both goals stated at the outset; maximum likelihood position is 

determined and the shape of the p.d.f. provides all information about the importance of the 

maximum likelihood position relative to other possible candidate hypocenter positions. Rcsdts 

provided by PDF'LOC are ideal for doing statistical hypothesis testing of absolute or relative 

pitions of different events. For instance, au apparent decrease in focal depth with time of 

seismicity may be associated with rising magma in a.volcanic region. Using p.d.fa for indivi- 

dual events determined by PDFLOC the-statistical significance of focal depth changes can be. 

evaluated. 

h~ order to use PDFLOC, the nature of errors in the input information to the problem 

must be determined. We b e e  with a discussion of errors in input information. Then the 

development of PDFLOC is presented. The linearized method presented in chapter 2 is 

currently the onty other method that systematically accounts for ieiocity model errors in hypoi 

center error estimation.' Since hypocenter location is inherently a nonlinear problem, estimates 

of hypocenter errors using linearized approaches arc ~ n l y  approximate. We would like.to deterc 

mine how reliable linearized hypocenter error estimates are. In particular, we want to determine 

the reliability of hypocenter error estimates obtain using the method of progressive inversion in 

Chapter 2. Using synthetic da tq  PDFLOC is used to investigate the significance of nonlineari- 

ties with respect to standard error levels in the input information and earthquake-station record- 

ing geometries. 

B3. Sources .and GlsssicationLof Errors fooriEarthquakt ,Location 

Ermn in event location 8n.attributed to two'general sources: data-errors; and model 

errors? Data errors consist of arrival time errors, clock errors, and station location errors. Data 

errors are confined to the observed information that constrain the problem. Model errors consist 

of errors in calculated travel times due to velocity model errors and numerical limitations of 

digital computations. Model errors produces errors in the forward problem, calculating 
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theoretical travel times. The distinction between the two classes of errors is useful when consid- 

ering sources of errors in the earthquake location problem. In Chapter 2 a similar classification 

of errors was used. There,data tmrs were referred to as s t a t & k l  errors following the conven- 

tion of Pavlis (1982). Since all classes of errors have statistical properties the term, data error, 

is used here in place of the term statistical error. Data errors can be estimated for arrival times, 

clock errors, and station location emrs. 

Proper appraisal of hypocentral estimates requires considering the effects of model errors in 

calculated travel times. Errors in calculated travel times arise primarily from ignorance of the 

true velocity structure. All methods of earthquake location require travel times calculated from 

earth models. This includes the distance residual approach of Lomnitz (1977). Consequently, we 

need 8 meam to tstimate the component of errors in calculated travel times due to imprecise 

knowledge of velocity structure. This in t u r n  requires an estimate of the errors in assumed 

velocity structure. 

In the approach developed in Section (2.6.2), it was seen from equation (2.81), that model 

errora contribute.to the total e m n  in the residuals used to estimate earthquake locations in a 

linearized process. A Gaussian error dstribution was assumed for all errora in ,Chapter ?,and all 

error estimates there have a Gaussian distribution. 

F 

w 

Tarantola and Vdette (1982). derived expressions for estimating hypocenter p.d.f.'s by 

explicitly assuming a Gwssian distribution of data errora md model crrora. Since the same 

Gaussian suumptions arc made in Chapter 2, results of nonlinear tests can be directly compared 

with the linearized predictions of Chapter 1. 

B.3. Hypocenter Location from Probability Calculus, (PDFLOC) 
' 

The folbwing derivation is from Tarantola and Valette (1982). Let there be 8 parameters 

p. The a posterior p.d.f. for the parameters, vp(p), can be calculated from the expression 

(B-1) pd(dke(d 1 P) 
pd(d) 

J d P )  - p,(P)*I 
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where 

pp(p) = a priori p.d.f. for the parameters. 

pd(d) - a priori p.d.f. for the data. 

6(d I p) 3: conditional p.d.f. for d given p 

pd(d) - null information d.f. for the parameters. 

All information about the parameters is contained in up(p). If up(p) is unimodal the m a -  

imum of vp(p) corresponds to the maximum likelihood solution for the parameters. In most 

applications, we an interested in information h u t  particular parameters. All information 

about a aingle parameter, p I is contained in its marginal d.f. defined tw 

Yl(P 1) - p P ( P  2 . 4  8. - * * 4, - (B.2) 

Hypocenter position is specified by X, Y; 2" corresponding to longitude,- latitude, and 

depth, respectively; and T corresponds to origin time, Let: 

f -rIx,Y,z,T) (B-3) 

be the inexact -theoretical relationship between arrivd times and the spatietemporal coordinates 

of the focus, which depends on wumptions about wave propagation theory and the velocity 

model. Let C, be the covariance matrix for model errors. Then the theoretical retationship 

between data and parameten is 

Lct -the&erved.arrival time .data .have -mean to -and covariance ~matrix;C,. Then the-a priori 

d.f. for tht ,data is. 

At) = cxp{-1/2(f_to)T.c~'.(f_to)} 03-51 

Since all data and parameters arc specified in Cartesian coordinates the null information func- 

tion is constant and need not be considered further. 
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The a posteriori density function for the parameters obtained by analytical intergration is 

The spatiat location of an earthquake can be obtained by determining the marginal density 

function 

by integration of origin time T. In general, we do not have a priori information about origin 

time, the a priori d.f. for origin time can be assumed constant. The a priori d.f. for the spatial 

p i t i o n  of the event remains the same: 

The 8 posteriori d.f. for spatbd iocation is 

y(X, Y ,Z) K *AX, Y , Z ) . C X ~ ( - ~ / ~ ~ * - I ~ X ,  Y ,Z )fPfk0-k(X, Y ,Z )]} (B.10) 

(B.11) 

is r '%eight matrix" 

(8.12) 

(8.13) 

time minus the weighted mean of obsexved arrival 
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(B.14) 

and & is the computed travel time minus the weighted mean of computed travel times 

(B.15) 
c 

The marginal density function for epicenter is 

# m u  

, (X,Y)-  j V(X,Y,Z)dZ 
0 

it should be noted that+=inay ,depend a n  (X-, Y ,"Z) and %herefore Pij, pi, and K will also. 

(B.16) 

and the marginal density function for depth is 

(B. 17) 

From the marginal density functions the maximum likelihood pc.dt(s) are determined as well as 

the form of the likelihood function. 

B.4. Synthetic Testa with PDFLOC 

Equation (B.6) shows that the total error is just the sum of the data errors and model 

errors and that each error type makes contributions to the overall error in the same manner. 

Rather than investigate how varying proportions of data error and model error contributions to 

total hypocenter uncertainty, i t  is suEcient to investigate how total input error magnitudes 

influences hypocenter marginal density functions. In fact, the distinction between datamrror and 

model error is essentially meaningless in this context because only the total error is used to esti- 

mate marginal density functions. Thii fact points out why reducing picking uncertainties of 

arrival time phases may not reduce uncertainties in hypocenters. If calculated travel time errors 

due to incorrect velocity models arc larger than picking errors, the reduction in picking error 

uncertainties does not further reduce hypocenter uncertainties. The method of progressive 



193 

inversion developed in Chapter 2 allows maximum utilization of data picking accuracy by 

improving velocity models as earthquakes arc located. In this way, the minimum total error is 

obtained, and hypocenter uncertainties are minimized. 

. 

Two cases were investigated. Case (1) was chosen to reflect the situation where an earth- 

quake is located on the edge of a recording network and is shown in Figure (B.11. Case {2) was 

chosen to correspond to an earthquake located inside a recording network and is shown in Fig- 

ure (B.1). Event depths were 2.0 km in both cases. All station elevations correspond to zero 

model depth to simplify calculations. Since relative variations of uncertainty estimates are the 

goal, accounting for station elevation diaerences is not critical. 

Two standard error sizes wen investigated. A standard error of 0.02 sec was used in one 

set of tests b e c a w  it c0rr;cSponda to the standard e m r  reference for the data in Chapter 4. 

The second standard size considered WM 0.05 sec. This represent a conservative estimate of the 

total error due to data errors (0.02 sec) and model errors. 

The aynthetic P and S-wave velocity models of Chapter 3 were used to calculate synthetic 

travel times and when estimating y(X, Y ,Z), The synthetic data were error free. Investigating 

effecta of using incorrect velocity models and data are outside the scope of inquiry. We only 

want to investigate the effects of nonlinearity on hypocenter uncertainty estimates. Conso 

quently, the maximum likelihodd points estimates for .II cases correspond to the true hype 

center position. 

Nonlinear tffects he marginal density functions for 

epicenter and depth and insthe nonlinear scdmg of different input errors sizes on confidence 

bounds. When asymmetries are not particularly large, the linearized error estimates in Chapter 

4 can be safely assumed to be representative of true uncertainties. Hypocentral depth is used to 

rT quantify the results because it is most effected by nonlinearities. 

The 8 p t e r i o n  d.f. in equadon (B.10) is calculated on a three-dimensional grid and then 

numerically integrated using equations (B.16) and (B.17) to obtain marginal density functions 

for epicenter and depth, respectively. Once the marginal density function has been computed 
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Figure B.l Map showing the relation of the two event locations, denoted tu 
(1) and (2), considered in the synthetic testa and stations used to compute 
y(X,Y,Z).  P and Swave arrival times were used for stations plotted as A 
and P-wave arrival times wen used for stations plotted as v. The stations 
correspond to those used to locate the earthquake in Chapter 4 that occurred 
on 7-21-82. 
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for depth, it is normalized to unit area. dence limits arc determined by integration from 

infinity to the limits that produce the desired probabilities. A two-sided confidence interval is 

determined by integrating inward from the extreme values of depth to the depths that produce 

the desired confidence value. For example, if the two-sided 95% confidence bounds on depth arc 

needed, the minimum depth limit is obtained by integrating from the minimum depth down to 

the depth limit that produces 2.5% of the area, and the maximum depth limit is obtained by 

integrating from maximum depth upward to the depth limit that produces 2.5% of the area. 

Resdts of the synthetic tests are summarized in Table (B.1). The most prominent results 

is the asymmetry of depth uncertainties for computations that used a standard error estimate of 

0.05 sec. The effect is most pronounced in case (1) and 42) is rhown for this case in Figure 

(8.2) and u(X,Y) io shown in Figure (B.3). As can be iten from Figuru (B.3) and (B.3), now 

linear effects on epicenter uncertainties are much smaller than for depth, indicating that lmcw 

ited error ellipses are adequate for epicentral epicenter uncertainties. Figure (B.2) shows that 

hypocenter depth uncertainties an underestimated for'events on the- edge and outside the 

recording network in Chapter 4 if model error contributions arc 2.5 times larger than arrival 

time standard erron. I! model errom are not signiscant with respect to arrival time-uncertain- 

ties, it can be seen from Figure (B.4) and Table (B.1) that linearized error estimates are ade- 

quate, although the tendency for a larger uncertainty with respect to shallow locations, will be 

underestimated. Nonlinear effecb cannot be seen in the epicenter marginal density function 

when a standard error of 0.02 sec ia used (Figure (B.5),) indicating negligible nonlinear effects. 

Nonlinear effects for case (2) are-much smalkr than in case (I) (Table (B.1)). Even when 

the 0.05 see standard error is used, nonlinear effects arc almost negligible. Figure (B.6) shows 

42) and Figure (B.7) shows . (X ,Y)  for 0.05 sec standard error. It is interesting to note that in 

case (2), depth uncertainty asymmetries are opposite those of case (1). This reflects the funda- 

mental differences in recording geometries for the two cmes. The nonlinearity of error scaling in 

case (2) is s m d  indicating that linearized error estimates are adequate for earthquakes located 

inside the recording network in Chapter 4 for all plausible error levels. 

., 
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OS% Confidence Deviations 
1 Standard error (sec) 

0.02 I 0.05 

0.28 

Table B.1 Differencw between the maximum, likelihood. depth .and tw-ided 95% confidence 
level depths in kiiometen IU a function of irtandard errors for the two locations cases considered. 
The ~olumns labeled shallow arc the differences with respect to shallower {minimum 2) 95% 
confidence locations depths ‘and the-columns i labeled -deep arc the-diEdrences with respect to 
deeper (maximum 2) 95% confideneedepthsr 
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Figure 8.2 Marginal density function for depth for case (1) computed using a 
0.05 stc standard error.. The vertical lines denote the positions of the g5% 
confidence limits. 
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Figure-B.3 -Marginal density function for epicenter for rase-{l) computed us- 
ing a O.DS-sec standard error. The total dimension of each axis is-1.5 km. Ne 
tice the slight asymmetry such that the end closer to the recording network is 
narrower than the far end. 
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Figure B.4 Marginal density function for depth for erne (I) computed using a 
0.02 sec standard e vertical 1ines.dtnot 
confidence limits. 
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3 

FSgurc-B.6; Marginal-density function for epicenter for ciw.( 1) computed us- 
ing a 0.02rec standard error. The total dimension of each axis is 0.8 km. 
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Figure B.8 Marginal density function for depth for cnse (2) computed using a 
0.05 rec standard error. The cal lines denote .the positions of the 05% 
confidence limits. 
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Figure B.7 Marginal density function for epicenter for case (2) computed us- 
ing a 0.05 see standard error. The total dimension of each axis is 0.8 km. The 
contoun are nearly circular; reflecting %he position of this 'event in-the center 
of the recording network. 
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Notea 

Pavlis (lS86) has outlined a method of hypocenter error analysis that incorporates the Hessian 

to estimate bounds on nonlinear 

Model error is used hen  in place of the more general classification “theoretical error” in 

Tarantola and Yalette (1982). This ierves to emphasize that the primary, source of error in cal- 

culated travel times is due to errors in the specified velocity model, not errors in numerical solu- 

tion of the eikonal equations. Because we use a one dimension 

problem of calculating travel times is solved with negligible numerical integration errors (see 

Appendix .A). The forward problem of calculating travel times in two and three-dimensional 

velocity models is more likely to conbin ri&cant errors due to numerical methods employed 

to solve the titonal equations. XO this case the term “theoretical error” C appropriate because 

the forwd problem of solving the cikonal equations is difficult; the theoretical problem of solv- 

ing for the travel time between two pin@ cannot always be solved with negligible error. 
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